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Measurement of the Slipperiness of Walkway Surfaces 
By Percy A. Sigler, Martin N. Geib, and Thomas H. Boone 


The establishment of a safety code for walkway surfaces has been materially handi- 
capped by the lack of an adequate method of measuring slipperiness. The mechanies of 
walking as related to slipping and the design of testing instruments are briefly discussed. 
In order to test floors in actual service a portable slipperiness tester of the pendulum-impact 
type was designed and constructed. The design is based on the premise that, in the pro- 
cess of ordinary walking, slipping is most likely to occur when the walkway surface is first 
contacted by the edge of the heel. The instrument and test procedure are described. The 
effects of varving some of the constants of the instrument, such as the angle of contact 
between the test heel and the walkway surface, and the pressure between the heel and the 
walkway, are discussed. Typical results obtained with both rubber and leather test heels 
and under both dry and wet conditions are given for various flooring and finishing materials. 

In general, the traction furnished by dry rubber heels is much better than that ob- 
tained with dry leather heels. Many walkway surfaces are hazardous when wet. Good 
antislip properties under wet conditions are usually associated with rough particles that 


project through the film of water and thus prevent its action as a lubricant. 


I. Introduction The establishment of a safety code for walkway 
surfaces has been materially handicapped by the 
Slippery walkway surfaces are responsible for a : 


: i lack of an adequate method of measuring slipperi- 
rye number of serious injures and accidental 


ness. The correlation between coefficients of 
iths each year. Haste and carelessness on the 


tof the users are frequently contributing fac- 
os. A survey of accidents in a large Govern- 
ut building in Washington revealed that out 
(492 “lost time’ injuries reported during a 19- 


friction as commonly measured, and slipperiness 
as actually experienced, is not good, especially 
where wet surfaces are involved. Therefore, one 
of the first requirements of the project was the 
development of a suitable instrument and method 
outh period, 313, or 64 percent, were due to Pat ie: allt adeaaiiliadies 
or measuring siipperiness. 

A walkway surface is often thought of as 

having a single coefficient of friction. Such is not 


ps and falls on walkway surfaces. According 
the safety engineer who compiled the statistics, 
otal of S09 slips and falls were reported during }: ; 
: I [ S the case. Slipperiness is not a constant of the 

period. Of these, 496 were recorded as ‘no ; 
walkway or of the contact surface of the footwear 

but is a function of both surfaces and is materially 


affected by their condition. This would be quite 


‘time’ injuries. In an endeavor to reduce the 
quency of such accidents, a joint research has 
wen undertaken by the National Safety Council 


: z evident to anyone who attempts to dance on a 
ul the National Bureau of Standards directed 


waxed floor with rubber-soled shoes in place of 


ward developing data that may be used by a 


' leather-soled shoes. Rubber soles snub, whereas 
tative sectional committee in the prepara- 


code for safe walkway surfaces. The 
conducting a statistical survey of 


leather soles slide readily. Whether the surfaces 
are clean or dirty, dry or wet, are also material 


; factors. 
from falls, and the Bureau is engaged 


neering study of both walkways and Il. Human Locomotion 
iterials, which are equally, involved in A study of the mechanics of walking was made 
as an aid in the design of testing instruments. 
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Slow-motion pictures of people walking were 
taken with concealed cameras so that the subjects 
were unaware of being photographed and were 
thus likely to be walking naturally. These pictures 
reveal that the leg slows down at the termination 
of its swing and then appears to vault onto the 
walkway, the other leg being used as a pole. 
They also show that the foot is first placed upon 
the walkway at an angle so that only the rear 
edge of the heel contacts the walkway surface 
during the early stages of the retarding phase of 
a step. The other foot remains in contact with 
the walkway, thus bearing part of the vertical 
load, until the heel rocks forward and the foot is 
fully planted 

A survey of worn heels showed that maximum 
wear usually occurs at the outside border of the 
rear portion of a heel. The contour of this worn 
portion is generally in the form of a curve rather 
than a straight line 

Probable angles that heels of shoes make with 
a walkway surface at the first instant of contact 
were determined from the motion pictures and 
from the contour of worn heels. For 35 men’s 
shoes, the angle of contact ranged from 11° to 32°, 
with an average value of 23 For 16 women’s 
shoes, including both high and low heels, the angle 
ranged from 12° to 32°, with an average value of 
19 For 38 worn heels, the maximum angle that 
tangents to the worn portion made with a hori- 
zontal plane ranged from 19° to 33°, with an aver- 
age value of 26 

According to the literature,'?° the horizontal 
component of the force exerted by the leg on a 
walkway surface reaches a maximum in the 
forward direction shortly after the heel makes 
contact with the walkway, decreases rapidly at 
first and then slowly as the foot deploys, and 
rapidly reaches a maximum in the backward 
direction as the ball of the foot prepares to leave 
the walkway. These horizontal components are 
the forees that must be counteracted by friction in 


order to avoid slipping 


Ill. Slipperiness Tester 


The location of a floor relative to exterior doors 


or manufacturing processes where floors are 


normally wet, oily, or coated with various types 
Herbert Iftr n, nat. Re rd 5@, 481 (1034 


Herbert | nter, Science SS, 
Herbert t 10, $85 
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of waste materials determines to a |; ext, 


the texture of its worn surface and thus slipp 
ness. The surface of a marble or concrete 4 
may become seratched and roughene 

preciable degree from wear when locate: elos, 
a street entrance, whereas the surface of 9 sin 
floor may become smooth or even g! 


ed wher 
located some distance from a street « anes 
other source of abrasive grit. 

It is extremety difficult to reprodu 
variety of surfaces by artificial means. There 
it is desirable that a slipperiness tester |) 
designed that it can be used to test floors in get 
service. Such an instrument has been cesic 
and constructed at the National Bureau of Sta 
ards (see fig. 1). The design is based on 
premise that, in the process of ordinary walk 
slipping is most likely to oceur when thy 
edge of the heel contacts the walkway surfs 
The instrument is similar in many respects to 
previously described.‘ 


west 
Be th 
the he g 
the ene 
KNOWN 
the 
energy 
mechat 
is the 
of cont 


uve 
From 
lished 


PIiGure } Portable slipperiness fester 


impact ty pe 


e 


By means of a pendulum, a heel p 
impacted onto an swept over the walkw 
to be tested. A mechanical heel (see fig 


A. Sigler, NBS Building Materials and Structure 
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FiGuRE 2 Details of mechanical heel. 


lewer end of the pendulum and is so arranged 
that a 14-in.-square test piece of rubber, leather, 
ether heel material can be attached to the under- 
eat various angles so that only the rear edge 
the test piece makes contact with the walkway. 
\ helieal spring is used to press the edge of the test 
against the walkway during contact. A 

nter attached to the framework indicates on a 
scale (see fig. 1) the maximum height to which the 

unter of gravity of the pendulum rises above its 
lowest (plumb) position. 

Both the potential energy of the pendulum at 
the beginning of a swing and its residual energy at 
the end of a swing can be determined from the 
known weight and position of the center of gravity 

the pendulum. The difference, or less in 
energy, is equal to the work done in sliding the 
mechanical heel over the walkway surface, which 
is the average frictional force times the distance 
of contact. By definition the average frictional 
foree is equal to the coefficient of friction times 

e average force normal to the plane of contact. 
From these relations an equation can be estab- 
ished for the coefficient of friction, or what we 
prefer to call the “antislip coefficient”, in which 
all factors except the scale reading at the end of the 
swing are Known constants of the instrument. 

The values of these constants for the Bureau’s 
istrument are the weight of the unbalanced por- 

the pendulum, W=3.17 Ib; the effective 

the center of gravity of the pendulum at 
ginning of a swing, H=9.8 in; the distance of 
\)=3.76 in; the force pressing the edge 

| against the walkway surface ranges 

oma minimum of 6.1 lb at the beginning and end 
ontact to a maximum of 7.4 lb at the midpoint 


Slipperiness of Walkway Surfaces 


of contact, giving an average force, P=6.75 Ib. 

For theoretical considerations, the average force 
as an arithmetical mean introduces a slight error 
because the variation in the foree is dependent 
upon an are rather than upon its subtended chord. 
The error has been calculated to be approximately 
2 percent and does not effect the relative order 
of the results. 

From the above relations and constants, the 
equation for the antislip coefficient, Ul’, is found 


to be 


WilT—h) 


DP .244 —0.125h, 


where / is the seale reading or height of the center 
of gravity of the pendulum at the end of the swing 
when the usual contact between the mechanical 
heel and walkway surface is made. 

In this equation, the assumption is made that 


during the entire distance of contact between the 
heel and walkway surface the variation in pressure 
follows a straight-line relationship. 
strictly correct as some vibration is set up in the 


This is not 


mechanical heel as a result of the impact on the 
walkway. The vibrations occur mainly during 
the first portion of the contact and appear to 
follow a similar pattern for smooth-faced mate- 
rials. In view of the probable effect on the 
results of large differences in the amount of 
vibration, it is felt that the present instrument is 
not suited for testing very rough or embossed 
surfaces. 

The maximum linear velocity attained by the 
edge of the heel from a release height of 10 in. 
is approximately 150 ft/min. The total weight 
of the instrument, including the two brass weights 
to keep the instrument from being displaced by 
the impact of the mechanical heel on the walk- 
way, is approximately 27 |b. 


IV. Test Procedure 


The test procedure consists in leveling the in- 
strument, by means of screws and a spirit level, 
in the direction of the swing of the pendulum 
and so that the edge of the heel is parallel to the 
walkway surface in the direction perpendicular 
to the swing. At the same time the edge of the 
heel must be adjusted to a definite height in rela- 
tion to the walkway surface. The instrument 
itself is used to maintain this latter adjustment 
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constant. With a \-in. spacer, placed between 
the hinged metal strap, A, and the stop, B (see 
(fig. 2), the height of the heel is adjusted so that 
the scale reading at the end of a swing of the 
pendulum, released from a scale reading of 10, is 
lowered by 0.1 in., that is, from 9.8 to 9.7. The 
normal frictional loss of the instrument, including 
that of the pointer, is 0.2 in. The }s-in. thickness 
was selected as a suitable control of the distance 
of contact. A small mirror clamped on the brace 
at the front of the instrument and a flashlight 
are used to facilitate the adjusting of the instru- 
ment when conducting tests on floors in actual 
service. 

After the required adjustments are made, the 
edge of the heel material is lightly ground with 
No. 3/0 abrasive paper and thoroughly brushed 
so as to maintain it in a uniform condition. 
With the spacer removed, the pendulum is then 
released from a definite height, 10 in., and the 
edge of the heel permitted to sweep over the 
walkway surface. The height to which the center 
of gravity of the pendulum swings beyond a 
plumb position, 4 value, is used to compute the 
antislip coefficient. The apparatus is then moved 
to another location and the procedure repeated. 

Tests have shown that the surface of a walkway 
is usually changed by repeated sweeps of the 
mechanical heel over the same location. In order 
to be able to duplicate test conditions, separate 
test pieces or heels are used for testing under wet 
conditions. The edges are lightly ground, and 
the test pieces immersed in water for at least \ hr. 
prior to making the tests. This is particularly 
important for absorbent materials such as leather, 
as the results are influenced by the degree of 
wetting, being lower with increase in wetting: 
When testing under wet conditions, a puddle of 
water is maintained on the floor surface. 

It is recognized that the edge of a heel may 
become coated with wax, dirt, oil, or other foreign 
material during the process of walking. Likewise, 
particles of grit may become embedded in the heel 
and the edge appreciably roughened when walk- 
ing over rough surfaces. Repeated tests on a 
waxed asphalt tile corridor without buffing the 
edge of a leather test heel between sweeps of the 
mechanical heel showed that the results changed 
for the first three tests and then became relatively 
constant. The antislip coefficients for the latter 
tests were approximately 20 percent lower than 
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for the first test and were approximately 10 py... Mr 
cent lower than for the second test. 


V. Effects of Varying Constants of the 
Instrument 


Statistical analyses of data obtained with 
instrument show that the standard deviation 
from the means usually range between 0.01 gy) 
0.03. Where fairly uniform walkway surfaces q 
involved, representative values can be obtained’ Lest 
by averaging the results of from three to {i apt 
individual measurements for each test conditi 

The effect of varying the angle of contay 
between the heel and the walkway surface was 
investigated. Angles of contact used were | 
20°, and 30°. In general, the antislip coefficients 
were found to decrease slightly with increas 
the angle of contact. However, the differencs 
in the results were too small to be conside 
significant, and an angle of 20° was adopted {i 
general use. 

The effect of varying the force and thus t 
pressure between the heel and the walkway surfs 


was also investigated. The force normal to t! Ty 
walkway surface was varied by installing heli leathe 
springs of different strength on the mechany condi 
heel. The three springs usec exerted an averag abras 
force of 3.7, 6.7, and 11.2 lb, respectively. Al BB pon | 
though these forces may seem small, because of Bi feati 
the small area of contact, they represent an a leathe 
proximate variation in pressure of from 40 to 12) Hi tion 
Ib/in?. Significant differences in the results » Tann 
observed, especially under dry conditions |: All 
table 1). In general, lower antislip coefficients Hj antisl 
were obtained with increase in the pressure. Fi thus 
any given pressure, however, the antislip charac HJ such 
teristics of the different walkway surfaces test cient 
maintained a similar relative order. A simi value 
tendency for the antislip coefficients to decreas Bj ).30, 
with increasing pressure was also noted from «3 Whe 
comparison of results obtained with test hee Has p 
having appreciably worn and rounded edzes a! leath 
results obtained with test heels having unwe! tests 
and square edges. Therefore, the antislip (- J antis 
efficients obtained by this method should be HM usual 
considered as relative rather than absolute values thro 
and the establishment of a minimum ants!) 3 acto 
coefficient for walkway surfaces as a specificatlo! B® sent 
or code requirement would have to be based on ¢ Bor f 
definite method of test. emnb 
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ct of varying the between the 


pre ssure 


nical heel and the walkway surface 


Antislip coefficient with spring 
exerting average force of 
and test heel 


7 1b 6.7 Ib 11.2 Ib 


ng alundum grit 


ellulose nitrate composi 


VI. Results and Discussion 


Typical results obtained with both rubber and 

ther test heels and under both dry and wet 
conditions are given in table 2. The standard 
abrasion compound specified in Federal Specifica- 
tion ZZ-R-601a, Rubber Goods; General Speci- 
heels. The 

ither test heels conformed to Federal Specifica- 
tion KK-L-261b, Sole, Vegetable- 
Tanned, Factory. 

\ll the walkway surfaces gave relatively high 


ations, Was used as rubber test 


Leather; 


utislip coefficients with dry rubber heels, and 
thus good traction should be experienced with 
such footwear. In general, much lower coeffi- 
ents were obtained with dry leather heels, the 

ies ranging from one indicating poor traction, 
traction, 0.50. 
When wet, many of the surfaces would be classed 


), to one indicating good 
is potentially hazardous for both rubber and 
Outstanding exceptions are 


21, and 22 (see table 2). 


footwear. 
is fy 


lt athe r 
Good 


under wet conditions are 


antislip 


properties 
issociated with asperities that project 
the film of water and thus prevent its 
action as a lubricant. The asperities may repre- 
sent either the roughened surfaces of the walkway 
ir materials themselves or particles of 
A smooth terrazzo floor 


isually 


through 


Or lootwy 


n bedde 


sand or grit ‘ 
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showed poor antislip properties when wet, whereas 
a soapstone stair tread and a rubber and cotton 
matting having rough surfaces showed fair antislip 
properties when wet (see figs. 3, 4, and 5 and tests 
4, 7, and 21 in table 2) 


Photomicrograph of terraz7o floor, les! 4 
table 2. 


Figure 3. 
Magnification, X30 


The results shown for the two concrete floors 
(tests 1 and 2) and the two vinyl resin floorings 
(tests 22 and 23) demonstrate the importance of 
surface condition and the inadvisability of as- 
signing a single coefficient or even a single range 
of coefficients to one type of flooring. 

The antislip properties of terrazzo were im- 
proved by the addition of an aggregate containing 
an abrasive (tests 4 and 5). 

A waxed pressed fiberboard was considered to 
be exceptionally slippery by employees of the 
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Figure 4 Photomicrog aph of soapstone stair tread, test ? 


n table 


Meas- 


substantiate their experience. 


establishment where the floor was located. 
urements (test 11 

Tests 12 to 15 are representative of a series of 
tests on panels of brown battleship linoleum 
treated with different types and brands of floor 
waxes. Although the 


actual installation of linoleum, the area was used 


tests were made on an 


purposes and had been sub- 
Thus, the linoleum 


primarily for test 
jected to very little traffic. 
still retained most of its factory-applied coatings 
of sealer and wax. The antislip characteristics 
of the various test panels were found to be quite 
similar. The lowest antislip coefficient under 
dry conditions was obtained with a leather heel 
on the panel treated with a solvent-type wax 
(text 13) 


with a water-emulsion wax caused a slight increase 


Machine polishing the panels treated 
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in the coefficients (tests 14 and 15 A sim 
tendency was found for other brards toy 
The small differences found 
and three-coat applications of the wat: r-emulse: 


bet we one- 


waxes were not consistent for the differont bps: 


tested. 





} 
} 
Fiat RE 5. Photomic rograph of rubber and colt 
lest 21 in table 2 
Magnification, X30 
Tests 16, 18, and 19 were made on floors | \ 


maintained by a particular method and 


polish, which, according to representatives 0 
hospital where the tests were conducted 
resulted in a material reduction in accidents 
Although these floors w: 


considered unsafe when wet, the antis 


to slippery floors 


cients obtained with a dry leather heel were hig 
than frequently found for the types 


involved. 
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tive slipperiness of a variety of walkway 


surtaces 


Antislip coefficient 
Valkway surface Rubber heel Leather heel 


Dry Wet) Dry Wet 


ground with silicon car 


tar topping, worn smooth * 
worn smooth * 

rm smooth 

taining alundum grit, worn 


worn smooth 
tair tread, sand rubbed finish 
oated with phenolic resin 

46 alundum ¢ 

sanded ibrasives No. 3, 

{ 0), sealed (penetrating seal), 
hed (steel wool), waxed (water 

typ and polished 
ik, maintained with solvent-type 
polished 
fiberboard, maintained with sol 
pe wax (Ff polished 

VV), scrubbed and cleaned ¢ 

M olvent-type wax (Ff 


VJ), wateremulsion wax 


maintained with water 
polished 
naintained with solvent 
polished ° 
maintained with water 
HT), polished 
naintained with water 
polished 
naintained with wat 
» Polished 


corrugated 


ondition 


\summary of the results of a rather extensive 
estigation of untreated and waxed asphalt-tile 
corridors in a large Government building in Wash- 
ton is presented graphically in figure 6. Approx- 
iiely SOO measurements were involved, with 
tandard deviations ° from the means averaging 
0.02. The tests were made on four different 
rridors. The floor area of each corridor was 


a 
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6 8 10 12 4 6 


DAYS ACTUALLY EXPOSED TO DRY MAINTENANCE 
AND NORMAL TRAFFIC 


Figure 6 Relative slip periness of untreated and variously 
waxed asphalt tile corridors. 
Rubber heel leather heel , wax A , wax B; @, wax C 


, wax DD 


approximately 5,200 ft?, and thus, measurements 
could be made at widely spaced, random locations 
Each corridor was thoroughly scrubbed and 
cleaned at night by the building maintenance crew 
so as to remove surface coatings. Slipperiness 
tests were made the following day on each of the 
cleaned corridors with both rubber and leather 
test heels and under both dry and wet conditions 
Each corridor was then given a specific waxing 
treatment at night and again tested the following 
day. All of the waxes were of the water-emulsion 
type. Two coats of waxes A, B, and C were applied 
and the floors machine polished after each coat. 
Three coats of wax )) were applied and the floor 
machine polished only after the last coat. 
Measurements were repeated on each of the 
corridors at various time intervals in order to 
determine what changes occurred in the slipperi- 
ness of the waxed floors when exposed to normal 
maintenance and traffic. The maintenance con- 
sisted in dry bushing and machine polishing the 
floors at the end of each work day. In figure 6, 
only work days were counted as days of exposure. 
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The relative order of the antislip coefficients 
obtained with the pendulum, impact-type slip- 
periness tester for the different corridors correlated 
very well with their relative slipperiness as actually 
Two of the asphalt tile corridors 
when freshly waxed (waxes A and B) were decided- 


experienced. 


lv slippery to leather footwear, even when dry. 
One (wax A) became definitely less slippery with 
time, whereas the other (wax B) improved only 
slightly. 
erties of the other two corridors when freshly 
waxed 


Under dry conditions, the antislip prop- 
(waxes C and J)) were satisfactory with 
leather footwear. All the corridors when dry gave 
with both 
before and after waxing. 


very good traction rubber footwear 

Higher antislip coefficients were obtained for 
the waxed asphalt tiles than for the untreated 
tiles when tested with a rubber heel under dry 
conditions. With a leather heel the opposite was 
Under wet 


conditions all of the corridors would be considered 


found except for one wax (wax C). 


hazardous for both rubber and leather footwear 
and especially so when waxed. 
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In general, the antislip properties of the wy 
asphalt tile corridors improved with contiy 
exposure to dry maintenance and norial try 
Measurements made on the corridors after ; 
were scrubbed with plain water an! mac 


polished were too varied to warrant any venerg 


til 


conclusions. 
The results of these tests, considered in rely: 
to slipperiness as actually experienced, indi 


that a slippery condition does or does pot 


(Natio 


‘B Per 


according to whether the measured co ficient 


less or greater than 0.4. 


Slipperiness measurements, although sig 


cant, may not in themselves afford an adeg 
basis for selecting the most. satisfactory 
Other factors, suc 


durability, appearance, ease, and cost of 


mercial floor treatment. 


tenance, and the requirements of existing sp 


cations, would also need to be consider 


determining the suitability of any floor finis! 


WasuHiInGron, August 17, 1947. 
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Perforated Cover Plates for Steel Columns: Summary of 
Compressive Properties 


By Ambrose H. Stang and Martin Greenspan 


Righty-eight steel perforated cover plate columns have been tested in the elastic range. 
rhe experimental axial rigidity under compressive load of the uniformally perforated lengths 
has been compared with theoretical values The agreement in general was very good 

Phe distribution of stress on the edge of the perforation of these columns was also meas- 
ired rhe maximum values of stress concentration found experimentally have been com- 
pared with theoretical values obtained for a single hole in a large plate. These experimental 
values also in general agreed with the theoretical values 

rhe values of the average stress on the net area for the compressive tests to destruction 
of 28 perforated plate columns were in nearly all cases greater than the maximum stress at 


failure for columns of the same size having solid plates. 


I. Introduction with solid plates. Maximum compressive-load 
tests have been made on 28 columns with perfo- 


[his paper summarizes the results of compres- rated plates and on 4 with solid plates. 


tests of steel colums having perforated cover The Research Paper [1] ' containing the original 


been program outlined the need for the tests and des- 


plates. Tests have made of perforated 
ate columns with perforations of the following 
apes: Cireular, ovaloid with the load parallel 
the long axis, ovaloid with the load parallel 
the short axis, elliptical with the load parallel 
the major axis, “‘square’’ with the load parallel 
two sides, and “square’’ with the load parallel 


a diagonal. 


scribed the columns and the testing procedure. 
The results of these tests are given in four Re- 
search Papers [2]. The results of additional tests 
are given in two other Research Papers [3, 4]. 
The details of the columns have been given in 
The essential data de- 
scribing them are given in table 1. 

Two papers dealing with the theoretical axial 
rigidity of perforated cover plate columns have 
been written by Martin Greenspan [5, 6]. He 
has also written a paper [7] on the theoretical 
stress distribution in a plate with a small hole. 
In the present paper the results of the tests in 
the elastic range will 


those Research Papers. 


ln this paper, the ovaloid perforations were 
hose having the shape of a square with a semi- 
rcle erected on two opposite sides; the ‘‘square”’ 
erforations were squares with rounded corners, 

radius of the fillets being about 0.086 times 
the length of the side of the square. 
sion “perforated plate’’ 


The expres- 
is used here for a plate 
laving a series of similar perforations uniformly 
listributed along its length. 


be compared with the 
theoretical values, and the results of the maximum- 
= load tests will be discussed. 

rests in the elastic range have been made on 88 


om Figures in brackets indicate the literature references at the end of this 
olumns with perforated plates and on 17 columns paper 
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TasLe 1. Description of columns 


[Nominal dimensions: Plate thickness, 4s in. Perforations equally spaced 


ibout midheight of column 


Col Perforation 

un Plat 

mn Number Load par tate 

lesig- | - neles llel to width, 

na en Num Breadth, Spac — ‘ 
Shape r 

tions ber ing, # 


COLUMNS 4 FT. GIN, LONG; ANGLESS BY 4 BY te IN 


] m” 
CIA fand 2 ‘ Circk OO 210 Diameter a0 
CiB fand 2 ‘ lo 900 3.0 do wo 
Ci fand 2 ‘ do 9.00 45.0 do wo 
C2A. 4and2 $ Ovaloid 6.75 | 25.5 Long axis 15.0 
C28 fand 2 i 6.75 7 do 15. 
C2 fand 2 ; lo 6.75 19.5 do 15.0 
CSA fand 2 ; lo 00 0.0 do 20.0 
| C3B fand 2 do 900 412.0 do 0 
Cao fand 2 ; do 90 4.0 ke »w.O 
C4A fand 2 i 1m 0 lo , 
cab fand 2 ; lo 11.™) 47.0 do D5 5 
Cu fand 2 ; do 1 0 do 25. 5 
C4rk 2 do 6.50 37.0 do 25 
C4F 2 ; do 6.50) «57.0 do 2 
C4 2 $ |) Ellipse 11.) 47.0 Major axis 2 
C4H. 2 § )=6Ovaloid 1.) 27 Short axis 2 
C4l 2 | Square 1 5.5 Side 2 
Cad 2 lo 11. 47 w.0 Diagonal 25. 5 


COLUMNS 10 FT. 0 IN. LONG; ANGLES 6 BY 4 BY te IN 


cH ] } Cirel ooo wo 


] 2 Ovaloid 10.00 H.0 


Diameter 0.0 


Long axis wo 


II. Axial Rigidity 


The axial rigidity is described by a factor, A, 
defined as the ratio of the axial rigidity of a column 
having a perforated plate to the axial rigidity of 
an unperforated, but otherwise similar, column. 
The axial rigidity factor A is then defined so that 
KEA, is the rigidity that should be used in place 
of EA, in the ordinary formula for computation 
of the extension (or shortening) of the member. 
Here / is the modulus and A, the gross area of 
the member 

For a column having angles and a perforated 
plate, the experimental axial rigidity factor is 


a’. (1) 


where £’, is the effective modulus (based on gross 
area) for a perforated cover plate column, and 
I’, is the modulus for a solid plate column of the 
same gross cross-sectional area and of the same 


material 
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The experimental axial rigidity facto: A fo, 9 
perforated plate by itself may be calew ated fp, 
the results of the column test, as sh 
680 of reference [1], by the formula 


> | oe Ais 
7 (1 
K= pe? (+40) 
where A, is the cross-sectional area of the a 


and Ap the gross cross-sectional area of thy 
forated plate. 

The theoretical axial rigidity factor A { 
plate or column is given by the equation {5 


l ' , Fe 
K C(n) V, 
where 
f/=a constant depending on the shap 
the perforation and the direction of | 
applied load. 
l 
C(,)=1 
\n 2n- 
n=A,/(A,—A,), A, being the gross an 


A, the net cross-sectional area of 

member (column or plate 

1", =the volume of the perforation 
\’.=the gross volume of one bay of 
member. 

Values of the constant f of eq 3 for various 


are given in table 2. 


TABLE 2. Values of f in equations Sar 


Perforation Load parallel to 

Cirek Diameter 
Ellipse, semiaxes, a and 4 Major axis, @ 

Do Minor axis, 6 
Ovaloid Long axis 

Do short axis 
Square Sick 

Do Diagonal 


The theoretical axial rigidity factor A | 





forated plate of uniform thickness (by 
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plate of 


is of the perfe 
short axis is 


es) may be derived from eq 3 and put 





—w— > wo 


Values of the constant f of eq 5 for various cases 
are given in table 2. 

Nomographic charts for the solution of eq 5 are 
shown in figure 1 for plates having ovaloid per- 
forations, in figure 2 for plates having elliptical 
perforations and in figure 3 for plates having 
square perforations, for limited ranges of the 
ratios b/w and w/s 


= 
EN 


o 
N 
oO 


re) 
on 


- 
ro) 
rotborirtisrilyny 








>= ee 


251 


uniform thickness, having equally spaced ovaloid perforations (eq 5 


parall 


ration is parallel to the direction of the 


lt 


th load; the A-seale at the right for plate 


the load. Gross area basis 
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Comparison of ¢ rperime ntal and theoretical arial 


rigidity fac tors, kK, 


lor 
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eocumns ar 





Axial rigidity factor, A column AX i u 
N bee +} 
( il See NBS Research Paper 
ingles Experimental rheoret Experin 
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The va. vcs of the experimental and the theoreti- 
idity factors for the columns and for 
The experimental 
been plotted against the theoretical 
gure 4 for the columns and in figure 5 


eal adla 
e given in table 3. 


the plat I 


es. In figures 4 and 5 the shape of the 


is indicated by the shape of the 


AXIAL RIG 


EMPERIMENT AL 





78 62 86 90 94 
THEORETICAL AXIAL RIGIDITY FACTOR, K 
Relation between experimental and _ theoretical 
rial rigidity factors for the columns. 


Based On ross area, 











os o6 o7 08 
THEORETICAL AXIAL RIGIDITY FACTOR, & 
Relation between experimental and theoretical 
gidity factors for the pe rforated plates, 


Based on gross area 


Perforated Cover Plates 


plotted symbol, and the direction of the load 
was parallel to the ordinates. 

The experimental and theoretical values of K 
for the columns, figure 4 and table 3, differed by 
not more than +0.02, except for a few scattered 
values. Only one set of data is available for K 
less than 0.76. 

When the perforated plates are considered, as 
shown in figure 5 and table 3, the agreement 
between experimental and theoretical values is 
also good, although not as good as for the complete 
columns. The general tendency is for the experi- 
mental values to be less than the theoretical. 
The difference is considerable for theoretical values 
of A for the plate less than about 0.55. It is 
probable that perforations relatively as large as 
these (columns C4F, reference {4}) will seldom be 
used in practice. The limitations of eq 3 have 
been discussed by Greenspan in reference |5, p. 
319]. 
the axial rigidity factor of columns and of per- 
forated plates can be closely approximated by 


The results of these tests then show that 


calculations according to eq 3 or 5. 


III. Stresses on the Edge of the Perforation 


Many theoretical studies of the influence of a 
perforation on the stresses in a plate loaded, say 
in the direction of its length, are based on the 
assumption that the plate width is large in com- 
parison to the perforation width, Stresses ¢ at a 
point near the perforation are then compared with 
the uniform stress, S, at a large distance from the 
hole, generally by evaluating the ratio ¢/S. In 
other similar studies but for a plate having a 
finite width and gross are: 
P, it has been found |6, 8] that instead of using 
the average stress based on gross area, PA,, for 


A, subjected to a load 


comparison with values derived from considera- 
tion of an infinite plate, the correction factor C(n) 
of eq 4 should be used for the stress ratios, as 
aC(n)/(P/A,). 
infinite plate and is always less than one for a 


The value of (Cn) is unity for an 


plate or column of finite cross-sectional area 

If experimental stress ratios determined for a 
column having a finite cross-sectional area are to 
be compared with theoretical values derived for 
an infinite plate, the observed stress ratio oy,/(P/A,) 
should be reduced in value by multiplying it by 
the ((n) correction factor for the column, where a, 
is the maximum principal stress and ¢, the mini- 
mum principal stress 
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Conversely, if the theoretical stress ratios, 
derived for an infinite plate, are to be compared f 
to experimental values for a column of finite 








cross-sectional area, the former values should be 
increased by dividing them by the ((n) correction 
factor to obtain theoretical value for a column of 
finite cross-sectional area, defined by C'(n). 

The distributions of stresses on the edge of the 








middle perforation, averaged for all columns 
having perforations of the same shape and loaded 





in the same direction, are shown by the solid lines 
in figures 6, 7, 8,9, 10, and 11. These values are 





based on gross area. The rectified lengths of one 





quadrant of the perforation boundaries were re- 
duced to a standard length AC. Before averag- 





ing, the experimental stress ratio values were 
multiplied by the C(n) value for the column, as 





given in table 4. 



































“a os A 
i} | -3 -2 -/ r) +) +» Be 
| | / Or Cla) (67 C fn) 





i } | — 7 Pag P/Ag 











+ + A FiGgurRe 7. Ovaloid perforations; load paralle lo long 

Pa A | We distribution of stress on the edge of the perforation. 
| _ 

| ore a . YA he solid line is the average of the experimental values n 

| | SY for 61 columns. The dashed ling represents the theoret 

| Oo | Based on gross area 

j 

| 



































































































































| a , 
T OA A 
| 4 | : } -_ ‘ome 
| 
| 44 r a | 
|Z 
A 4 O | Z| : 
Wa | T A J \ 
4 C pg 
Be L 6 a | 
‘4 | \ 
4 i 4 
7, =—— mom t - 0 f 
7 r —+—— 
/, | } | | L 
—+-——_——__ + — —_ 4 —_ _ / 
| ; | | oo re 
(i | = c ° l/ | 
~J -2 -/ Oo +/ +2 + +——+ — 
P/Ag Ag t ae ust , — 
Fiaure 6 Circular perforations distribution of stress on / 
the edge or the perforation + _— — . me _ 
The solid line is the average the experimental values multiplied by 
( r 19 column Che dashed line represents the theoretical distribution if + =. _——" 
Based r area | 
| | ci Resid — 
The dashed lines of figures 6 to 11 represent the ~3 =~ mg O + , “4 
theoretical str ss distribution at the boundary of a OF Ch) & Ch) 
single perforation in an infinite plate, according to P/Ag P/Ac 
the formulas of reference (7] Figures Elliptical perforations; load para 
As the experimental stress ratios have been distribution of stress on the edge of the pe 
multiplied by the Cin) correction factor. thev are lhe solid line shows the experimental values multiplied t 
» r > . C4G-2. The dashed line represents the theoretical distrit 
in effect representative of stress ratios in an grees anea 


- Journal of Research Pertorc 










































































-2 +/ 
Ov C ln) G Cin) 
Ag PJAg 
Ovaloid perforations; load parallel to short arts; 
tion of stress on the edge of the perforation. 


ws the experimental values multiplied by C (n) for column 


ne represents the theoretical distribution. Based on 
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stress on the edge oj the perforation. 
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OG Clr) 
HAq 
Figure ll. Square perforations, load parallel to diagonal; 
distribution of stress on the edge of the perforation. 
rhe solid line shows the experimental values multiplied by C(») for col- 
umn.C4J. Ihe dashed line represents the theoretical distribution. Based 


on gross area. 


infinite plate and may be compared with the 
theoretical values, the derivation of which was 
based on the conditions in an infinite plate. 

between the theoretical and 
experimental stress distributions on the edge of the 


am 
The agreement 


perforation is good in all cases. 

It should be noted that the theoretical stress 
distribution was derived by considering a plate 
having a single hole, and the observed stress 
ratios were obtained for plates having a series of 
equally spaced similar perforations. 

It was decided to tabulate the values of the 
maximum stress for the perforated cover plates 
since they are of basic importance for structural 
design. The maximum stress is expressed by a 
, maximum stress/(2?/A,). 
Values of maximum stress ratio are given in 


‘*maximum stress ratio” 


references [2, 3, 4] and in table 4 of this paper. 
The values based on gross area may be compared 
with the theoretical maximum stress ratios to be 
evaluated from the equations given in reference 
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TABLE 4 


Varimum stress concentration 


in the boundar y of the per ‘oration 


Maximum stress 


Ratio 


rheoretical 


Infinite Tested 
plate column 


PERFORATIONS 


PERFORATIONS OVALOIDS 


4A, C4B 


lh 


; based on gross area 


ig 


Maxi: 


Ratio 


based on net area 
Experimentally tested column tested 


CIRCLES 


LOAD PARALLEL TO LONG AXIS 


PERFORATIONS OVALOIDS, LOAD PARALLEL TO SHORT AXIS 


PERFORATIONS —ELLIPSES, LOAD PARALLEL TO MAJOR AXIS 


PERFORATIONS SQUARES 


PERFORATIONS SQUARES 


[7]. The theoretical maximum stress ratios are 
given for the columns in table 4, for both an 
infinite plate and for the actual column. 

The three experimental maximum stress ratios 
given in the same line of table 4 are tor columns 
having perforations of the same size but for in- 
creasing perforation spacings, as given in table 1. 
There seems to be a tendency in many cases for 
the experimental maximum stress ratio to increase 
as the perforation spacing increases. 

The experimental values based on gross area are 


in many cases greater than the theoretical maxi- 


mum stress ratios for the tested columns. 
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LOAD PARALLEL TO SIDE 


LOAD PARALLEL TO DIAGONAT 


It is also interesting to compare the theoret 
maximum stress ratios with the experim 
values that are based on net area, even tho 
such a comparison runs counter to some of 
assumptions involved in the theoretica 
tions. The values are also given i 
Very few of the experimental maximun 
ratios based on net area are greate! 
theoretical values for the tested colun 
spread between the gross and net areas 
all commercial structural columns wou 
than for these columns that have beea | 
would seem then that the theoretical 
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determined as described above, can 
sed for designing perforated plate 


columns 


IV. Tests to Failure to Determine Maximum 
Compressive Loads 


Phe stecl columns subjected to compressive test 
lestruction consisted of a plate and two angles 
columns C6 and C7 [3], which had four 


ered pt 10 
column 


cles. Unfortunately the C6 and C7 
es did not contain any columns with solid 
ies for comparison with the strengths of those 
forated plate columns. 
The other columns had cross-sectional shapes 
< shown in figure 12. The distance y, from the 
back of the plate to the center of area of the 
tion, in the perforated portion of a column is 
vavs greater than the similar distance, y,, for 
solid portion of a perforated plate column. 
Ys, tend- 
» to induce increased compression in the plate 
to make the column fail by bending away 


ere is therefore a local eccentricity, y, 


from the plate side during a compressive load test. 
lysts of columns of this shape would thus be ex- 
ted to give lower compressive strength values 
than would tests of columns of the same quality 
which the perforated plates were not eccen- 
ally loaded, as would be the case for four 
gle columns 
Of the four columns having two angles and a 
slid plate, two failed by primary buckling, bend- 
x toward the plate side as would be expected 


bi 
, ie = al 
L_ yg 


Cross sections of columns having two angles. 























representing a column having a solid plate or a section 
portion of a perforated plate column. Bottom, a section 


on Eccentricity Ve—Y- 


Perforated Cover Plates 


from the double modulus column theory. The 
other two columns began to deflect toward the 
plate side but finally failed by secondary buckling 
of the plate and deflected away from the plate side. 

Of the 24 columns having two angles and a per- 
forated plate, 22 failed by bending away from the 
plate side as would be expected from the consid- 
eration that, in the neighborhood of a perforation, 
the gravity axis of the columns is displaced away 
from the plate side. The other two columns 
showed practically no deflection until the maxi- 
mum load was very nearly reached and then 
failed by bending toward the plate side. 

The four columns, each having four angles and 
a perforated plate, all failed by buckling of the 
plates near one of the perforations. 

The final failure of all of the columns was 
accompanied by local buckling of the outstanding 
legs of the angles, and by buckling of the plate 
near a perforation for the perforated plate columns 
as well as the general bending of the columns as a 
whole. 

Figure 13 shows the perforated plate column 
C4J in the testing machine for the maximum load 
test. 

The slenderness ratio for the solid plate columns 
was 70 for column C2, 71 for columns C1 and C3, 
and 72.5 for columns C4. 

The effective area factor C of a perforated plate 
is a measure of the effectiveness of the plate with 
regard to compressive strength. It can be eal- 
culated, as shown on p. 685 of reference [1] by the 
formula 


Touma i : 

Ayomes Ap i 
where Pax is the total compressive load at failure 
for the perforated plate column, omax is the av- 
erage stress obtained by dividing the maximum 
compressive load on a similar solid plate column 
by the gross cross-sectional area, A, the cross- 
of the angles and A, the cross- 
C may be taken on a 


sectional ares 
sectional area of the plate. 
gross- or on a net-area basis, depending on which 
value of A, is used. 

When based on net area, the value of C would 
be unity if the average compressive stress at fail- 
ure for the perforated plate column was equal to 
that of a similar column having a solid plate. 

Values of the effective area factor, C, for the 
two-angle columns are given in table 5 


357 








Ficure 13 Column Cid in the testing machine during the 


marimum compressive load test. 


The effective area factor C based on net ares 
was for all but three columns greater than unity. 
For these C2 columns, the compressive stress at 
failure, based on net area, was 32.7 kips/in.’ for 
C2A; 32.3 kips/in.? for C2B; and 33.3 kips/in.* for 
C2C. The compressive stress at failure for the 
similar column C2D having a solid plate was 33.8 
kips/in?. The effective area factor C for columns 
of the size tested is evidently very sensitive to 
relatively small differences of compressive stress 
at failure. 

From a consideration of these effects and of the 
local eccentricities present in perforated plate 
columns having but two angles, it seems that the 
net area of perforated steel plates may safely be 
used for design purposes. The values of table 5 
show this is true for perforations of all of the shapes 
tested, even those having relatively great values 
of the maximum stress ratios. 
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TABLE 5 Effective area factor, C, with re 8 pe 
stre ngth for the columns 


{Each column had a perforated plate and t 
E flect 


Column designation 


PERFORATIONS—CIRCLES 


PERFORATIONS—OVALOIDS, LOAD PAR 
LONG AXIS 


"ERFORATIONS—ELLIPTICAI LOAD PARA 
MAJOR AXIS 


"ERFORATIONS—OVALOID LOAD PARAI 
SHORT AXIS 


“4H 
PERFORATIONS—SQUARE, LOAD PARALLE! 
Cal 


PERFORATIONS—SQUARE, LOAD PARA 
ro DIAGONAITI 


V. Summary and Conclusions 


Tests in the elastic range have been mad 
88 steel columns with perforated plates and 0 
steel columns with solid plates. Maximum 
pressive load tests have been made on 2 
with perforated plates and on 4 with solu 

Theories have been derived dealing 
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s paper; and that the distribution of | bearance has been much appreciated by the 
the boundary of a perforation is ade- members of the staff to whom this work was 
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hanges in the Indices of Refraction and Liquidus of a 
Barium Crown Glass Produced by the Partial Substitu- 


tion of Some Oxides’ 


By Edgar H. Hamilton, Oscar H. Grauer, Zeno Zabawsky,* and C. H. Hahner 


Optical glasses with high indices of refraction and Abbe values are very desirable for 


wide-angle lenses. 


In order to determine the range of compositions in which glasses of this 


type could be produced, oxides of Li, Be, Ca, B, La, or Th, were substituted for BaO or 


SiO, in a three- or four-component base glass. 


Substitutions were made on a mole-for-mole 


basis. The indices of refraction for the C, D, F, and G’ lines and the liquidus were de- 


termined for each glass. 


Experimental glasses with indices of refraction (np) and Abbe 


values from 1.600 to 1.714 and 62.2 to 52.7, respectively, were made in small platinum 


crucibles 
I. Introduction 


l'revious to 1880, optical glasses could be divided 
buto a few types such as crown, crown flint, and 
glasses with indices of refraction (n) and 
\bbe value (vy) ranging from 1.50 to 1.92 and 70 
20, respectively. The v value of the glasses 
reased as the index of refraction increased so 
when » is plotted against n, the points fall 
Abbe and Schott introduced a 
number of new types of glasses containing boron 


a curved line. 


nid barium oxides with v values higher than for 
old types of glasses with the same np. Recently 
W. Morey? [1] developed a number of new 
asses In Which the ratio of Abbe value to index 
‘retraction is much higher than for the glasses of 
and Schott 


_ 


This paper gives the composi- 


optical and other properties of some other 
fasses, Which also have a high ratio of » value to 
dex of refraction. These glasses may find a use 
Ii optical instruments where a large flat field 
witha mintmum of aberration is desired. 
The oxides that gave promise of being useful in 
making such glasses were B,O;, BeO, CaO, La,Os, 
ThO,, and Li,O. 


\ides have been deseribed in the literature [1], few 


—_—_——— 


Although glasses containing such 


Armstrong Cork Co., Lancaster, Pa. 

the Forty-Eighth Annual Meeting, the American Ceramic 
Buff N. Y., May 1, 1946 (Glass Division No. 13 
I kets indicate the literature references at the end of the 
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systematic data are available on the effect of these 
oxides on the range of compositions in which glass 
can be produced. In this investigation one of the 
above oxides was substituted on a mole-for-mole 
basis for part of the barium oxide or silica in a base 


glass containing the following: 


Percent 


Moles Weight 
SiO, 54. 0 35. 5 
B.Os- 14.0 10. 7 
BaO_- 32. 0 53. 8 


The substitutions were made in steps in order 
to determine the shapes of the index-of-refraction- 
composition and liquidus-composition curves. 
When glasses with desirable properties resulted, 
these glasses were used as base glasses for further 
substitutions. 


Il. Experimental Procedure 


All melts were made in platinum crucibles 90 mm 
deep by 36 mm in diameter and stirred with 
Although 
the melts were stirred, striae-free glass could con- 


platinum-10-percent-rhodium  stirrers. 


sistently be obtained only by crushing, mixing, 
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and remelting each glass. A few compositions 
required remelting a second time to obtain glasses 
sufficiently free from striae to permit reliable index 
of refraction measurements to be made. 

The presence of striae in optical glass is a very 
serious obstacle to the production of useful glasses. 
As the striae consist of local inhomogeneities in 
composition, any measurement on the glass that 
includes striae will be different in general from 
measurements on the rest of the glass. Even the 
portion of the glass that does not contain striae 
will have a different composition, because the 
striae will have removed disproportionate amounts 
of its constituents. 

Furthermore, on annealing the glass, differences 
in the coefficients of expansion between the glass 
and striae will cause local strains and thus give 
rise to differences in index of refraction for different 
parts of the glass. 

Striae have always “haunted” the optical-glass 
maker and have been chiefly responsible for the 
slow development of new optical glasses. Even 
at present, unless the utmost care is exercised in 
procedures and techniques, striae will be found 
in most glasses. 

After the final remelting, the glass was poured 
into a 3-in. diameter steel mold. As soon as it 
solidified, it was transferred to a heated, covered 
clay box and placed in an electric annealing fur- 
nace. The glasses were cooled through thei 
annealing ranges at approximately 5 deg C per 
hour. 

The indices of refraction of the glasses were 
determined for the C, D, F, and G@’ lines by the 
Pulfrich method.*| The maximum error of a 
single determination should not exceed +0.0001. 

For the glasses that were analyzed, it was found 
that except for a few glasses the difference be- 
tween the analyzed and batch compositions did 
not exceed 0.3 mole percent. The calculated 
compositions are given in the tables, as many of 
the glasses have not been analyzed. In general it 
is believed that the calculated compositions were 
more accurate than those determined by chemical 
analysis, particularly as duplicate glasses listed in 
the table indicated far less difference in composi- 


After most of the glasses had been made, it was found that striae-free glass 
could be made without remelting provided it was melted and stirred in a 
platinum crucible of the proper proportions, In a platinum crucible 3 in. in 
diameter by 3% in. deep, 2-pound melts of striae-free glass have been made 
consistently 

* Determinations by I. Malitsky of this Bureau. 
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tion by their measured indices of refraction thar 
by chemical analysis. For all but one , 
duplicate glasses the measured indices of pefps,. 
tion (np) agreed within 0.0001. | 
The liquidus temperature of each glass y 
determined by a temperature gradient jetho ) 
The crystals formed in many of the glasses y 
very small, making it extremely difficult to 
termine the exact location in the specimen 


which devitrification ceases. Complete identi 
tion of the crystal phases was not attem 
The appearance of a new crystalline phase at 
liquidus was determined by petrographic exan 
tion. The crystallographic evidence  indicans 
that the discontinuities found in the lig 
curves are accompanied by changes in the pri: 
phase at the liquidus. 


III. Results and Discussions 


6! 
1. Substitution of Beryllium Oxide for . « 
Barium Oxide ¢ e 
The substitution of beryllium oxide for ba - 
oxide produced glasses with lower indices of 
fraction and higher Abbe values than th 
glass (table 1). No indices of refraction 
given for melt 469, containing 12 mole percen! 7 
beryllium oxide, as this glass could not be co é 
without devitrification. rf 
A minimum point is ndicated on the liqu . 
composition curve, figure 1, near the 6-mok z 
cent beryllium-oxide composition, and ther ° 
definite change in slope of the index-of-refract w 1.61 
composition curves near this composition. Glass § 
containing 6-mole percent or less of bery! i 
oxide produced anisotropic crystals at the liquidus 1.604 
the 8-mole percent glass, isotropic crystals 
10-mole-percent glass, a mixture of isotropu 
anisotropic crystals; and the 12-mole-percent gias \s9 
anisotropic crystals, - 
Abbe values (vy) have been plotted on this 2 
succeeding figures. Discontinuities are ust 4 
found on the Abbe-value-composition curves aM 
approximately the same compositions as 0! 3 
other curves for the same series of glasses. be g- ™ 
cause of the large probable error in calcula! | 
Abbe values, discontinuities on the Abbe-val 
composition curves were not considered significat' - 
2. Substitution of Beryllium Oxide for Silica 
BAGUR 


The substitution of beryllium oxide for s 
produced glasses with higher indices of refrac! 
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Substitution of beryllium oxide for barium oride 





TABLE 1. Series 1. 
a) Hut 
Mole wt % Mole wt Mole 
‘4 “ 17.6 
i4 10. 7 14 11.3 
2 B.S 28 9.9 
ii ao 4 1 , 
INDEX OF RE 
1 A236 1.6145 
1.620 16176 
1.34 1.6249 
1.1404 1.6307 
 e = 
LIQUID! 
leo ths 
iwl led 
65 ‘| T T 


aese 
S 
° 

| 
| 
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MOLE PERCENT 
RE 1, Effect of the substitution of beryllium oxide for 
the 


in le on Abbe value, indices of refraction, 


Barium Crown Glasses 


Glass number 
69. Hy TOO 169 
wt Mole ©; ut Mole ‘ ut % Mole wt ‘ 
4 8.8 4 W).' 7) 41.4 a 42.8 
4 11.7 4 { 14 12.4 4 12.8 
2 47.7 24 1 22 43.0 a “4 
' 1s s Th 1° 12 Lo 
FRACTION 
1.6100 tw l Hy 
1.6130 1.w72 " rT] 
1.6202 1.6142 1. oT 
1.6250 O10 1.6122 
PT) l l 
Ss ( 
104 1.0078 } 
and approximately the same Abbe values as the 


base glass (table 2). A change in slope of the 


index-of-refraction-composition curves was found 
containing 8-mole 


near the glass composition 


percent of beryllium oxide (fig. 2). ¢ This compo- 
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Effect of the substitution of beryllium oxide for 
the Abbe 


Ficure 2. 
silica 
liquidus. 


on value, indices of refraction, and 
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TABLE 2. Series 


INDEX ¢ 


4 Substitution of beryllium oride 


° ) 
for silica 


GLASS NUMBER 


645 and 760 


LIQUIDUs 


of 
All glasses in 


the 
this 
series produced anisotropic crystals at the liquidus 


sition Is approximately at the minimum 
liquidus-composition curve 
temperature. Crystals from glasses containing 8&- 
mole percent or less of bervilium oxide has a 
maximum index of refraction of 1.605; for crystals 
from the other glasses this value was 1.655 


TABLE 3. Serie 


Gi 


INDEX OF 


1. O16 1. 6230 
1. 48 


1. (424 


1. (485 


i261 


Devitri cooling 


Substitutior 


Ass 


For optical glasses of this tvpe, 6 to S mol 
cent of beryllium oxide appears to be the opti 
this 


liquidus temperatur: 


concentration, as amount 
the 


concentration of beryllium is further 


produc es 


with lowest 


the liquidus temperature increases 
classes are more difficult to fine, and thi 


or rale am oxide lor har im oride 


NUMBER 


YH and 69 


REFRACTION 


1. 6207 1. 6101 


1. 6237 


1. #311 


1. 6207 
1. 6238 1. 6132 


1. 611 


1. (871 


1. 6202 
1. A371 


1. 6261 
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s to devitrify increases. Therefore, be reliable because of the presence of striae. For 


taining 8 mole percent of beryllium this reason, they were not considered in drawing 

series was used as the base composi- the index-of-refraction-composition curves of fig- 
series of melts ure 3. 

No indices of refraction are given for melt 591 

3. Substitution of Calcium Oxide for as this composition could not be cooled without 

Barium Oxide devitrification. Consequently, the calcium oxide 


: : : : , content of glasses of this type should not greatly 
titution of calcium oxide for barium 6 YI 5 . 


produced glasses with lower indices of re- 
and higher Abbe values than the base 
table 3). A minimum liquidus tempera- 
was found at approximately 26 mole percent 


exceed that of the glass having the minimum 
liquidus. 


4. Substitution of Lanthanum Oxide for 


Barium Oxide 
alcium oxide. 


With the exception of melts 681, 704, 691, and The substitution of lanthanum oxide for barium 
». the glasses in this series were not remelted. oxide produced glasses with the highest indices of 
\; the amount of calcium oxide in the glass was refraction of any of the series of melts discussed in 

reased, the quality of the glasses improved with this paper (table 4). The increase in index of 

pect to their striae content. Glasses contain- refraction averages 0.0056 per mole percent sub- 
¢ 16 mole percent or more of calcium oxide were stituted. Discontinuities were found in the liqui- 
tained free from striae. The measured indices dus-composition and in the index-of-refraction- 
efraction of glasses 5€0, 561, and 562 may not composition curves near the compositions con- 
taining 1 and 6 mole percent of lanthanum oxide 
(fig. 4). A straight line could fit the index of 
refraction data almost as well as the three lines 
drawn in figure 4. However, examination reveals 








systematic deviations from the straight line was 
compared with the random deviations, because of ex- 
perimental error, which results when the index line 
is drawn in segments corresponding to the breaks 
in the liquidus curve. The liquidus temperature 
of the glasses increased very rapidly as the con- 
centration of lanthanum oxide was_ increased 
above 6 mole percent with a corresponding increase 
in the difficulty of melting and fining the glasses. 
Melt 650 containing 12 mole percent of lanthanum 
oxide was very difficult to melt and contained 
striae, making a determination of the index of 
refraction for the @’ line impossible. Because of 





these difficulties, the preparation of glasses con- 
taining larger amounts of lanthanum oxide was 
not attempted. 


5. Substitution of Thoria for Barium Oxide 


The substitution of thoria for barium-oxide 





produced glasses with higher indices of refraction 





l2 16 20 and lower Abbe values than the base glass (table 
24 «20t—«=G 12 


MOLE PERCENT 5). The average increase in index of refraction 


= ; ' was 0.0028 per mole percent of thoria substituted 
Mffect of the substitution of calcium oxide for s : . 7 z 
for barium oxide. As the thoria content of the 


on the Abbe value, indices of refraction, and 
glasses was Increased up to 4 mole percent, the 
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TABLE 4. Series 4. Substitution of lanthanum oride for barium oxide 


Glass number 


Mole Mole 
. » . wt 
" 0.5 6 WO 

2 14 610.0 

50 | 42.6 

l 2.1 


16.8 


INDEX OF REFRACT 


1. 6408 %) 1. 6634 


REFRACTION 


1. 6435 SAS 1. 6668 
1. 6513 7 1. 6752 
1. 6575 7 1. 6820 


5m. 2 57 Mi. 7 wy Mi, 2 


INDICES OF 


LIQUIDUsS 


termination impossible 


Neries 5 Substitution of thorium oxide for barium oxide 


GLASS NUMBER 


710 and 728 


rs 


L1euipus 


INDEX OF REFRACTION 


1. 4378 1. 6408 1. (433 
1. 410 1. 441 1. (465 
1. O48 1. O518 1. 6544 
1. 6551 1. 6581 1. 6608 


&.2 58. 3 57.6 57.9 


LIQUIDUS, °C 


1, 040 1, 040 1, 042 
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liquidus 
~~ 
losok “ - ea ; 
f liquidus changed very little, but further increases 
’ . . . ° 
L\ | | produced a large increase in liquidus temperature. 
La,0, 0 a : : a : 3 ‘ 
a in 7 . ” ['wo discontinuities were found in the liquidus- 
Ba0 32 28 24 20 pe fe 8) intl , sain! 
* : . . » yr %) > “ur » F] or 
MOLE PERCENT composition curve (hg. 5 in 1€ region cont uning 
: 3 and 4 mole percent of thoria. When the indices 
i { ffect of the substitution of lanthanum oxide for . , : . o 23 
ron the Abbe raiue indice 8 of ré fraction, and of refraction are plotted against compositions, wae 
slight changes in slope appear at the same composi- 
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tions where discontinuities are found on the 
liquidus curve. Although the changes on the index 
of refraction curve are sufficiently slight to permit 
a smooth curve to represent the data equally well, 
it is felt that by analogy with the previous series 
of glasses the representation of discontinuities in 
slope is justified. The series was discontinued with 
the melt containing 8 mole percent of thoria, as 
this melt could not be cooled without devitrifica- 
tion. 








INDICES OF REFRACTION 


6. Substitution of Lithia for Barium Oxide 


Lithia up to 16 mole percent was substituted for 
barium oxide in composition number 645. The 
indices of refraction and liquidus temperature of 
the glasses decreased, and the Abbe values in- 
creased as the lithia content of the glasses was 
increased (table 6 and fig. 6). The fluidity of the 
melts increased with increase in their lithia con- 
tent. All the glasses produced the same type of 
crystals at the liquidus temperature, and no dis- 
continuities were found in the liquidus-or index-of- eee 





LiQUuIDUS °C 








refraction-composition curves of figure 6. Li20 O 4 8 
BaO 32 28 24 
MOLE PERCENT 


7. Substitution of Boron Oxide for Silica 


a ; ; Figure 6 Effect of the substitution of 
Che liquidus temperature of most of the melts barium oxide on the Abbe value, indices 
previously discussed was 1,040° C or higher. Jt liquidus 


raBLe 6 Series 6 Substitution of lithium oride for barium oxide 


MBER 


INDEX OF RE 


LIQUIDUS 














TaBLe 7. Series 7. Substitution of boron oxide for silica 


GLASS NUMBER 





696 726 701 6Ys 702 727 697 703 74 
Mole Mole Mole Mole Mole Mole Mole Mole Mole 
gq wt © % wt % // u“ / wt “ % wt % % wt ¢ sd wt % Q wt J wt 
“4M 4.0 52 | 38.5 36.9 46 33.8 42 3.7 0 22 38 | 27.7 34 6 «24.6 0 21.6 
14 | 12.0 16) 13.7 18 | 15.4 22 | 18.7 26 | 22.1 3 | 23.7 0 | 25.3 34 | 2.6 38 31.8 
24) 45.5 244 «45.3 244 («45.2 24°) (45.0 24 «44.8 246«( 4.7 244 44.6 24 (44.4 24 4.2 
5 2.5 s 2.5 8 2.5 Ss 2.5 Ss 2.4 s 2.4 s 2.4 Ss 2.4 S 24 


INDEX OF REFRACTION 


ILS I 
| 


1. 6043 1. 6053 1. 6059 1. 070 1. 6065 1. (067 1. 6004 1. 6052 1. 6039 
1.72 1. GOR3 1. 6OR9 1. 6100 1. 6005 1. 6006 1. 6093 1. GO82 1. 6008 
1.6142 1. 6153 1. 6159 1. 6170 1. 6164 1. 6165 1. 6163 1. 6150 1. 6137 
; 1. 6198 1. 6209 1. 6215 1. 6225 1. 6219 1. 6220 1. 6217 1. 6204 1. 6191 
61.1 ol.4 ol 61.4 62.0 62.0 62.0 2.4 62.2 
LIQUIDUS, “¢ 
1, 061 1, 030 1,002 wi2 927 943 OW) 936 os 


is believed that glasses with lower liquidus and 
cher indices of refraction and Abbe values could 
» produced by substituting boron oxide for silica, 
ud five series of glasses were prepared in which 
his substitution was made. 

Boron oxide was substituted for silica in glass 
table 1). The compositions and data for 
glasses are given in table 7 and plotted in 
This substitution produced glasses with 
temperatures and higher Abbe 
It had an anomalous 


bo. HUH 


er liquidus 


ws than the base glass. 








effect on the indices of refraction. The index of 
refraction (np) increased from 1.6072 to 1.6100, 
and then decreased to 1.6068 as the boron oxide 
content of the melts was increased from 14 to 38 
mole percent. The maximum index of refraction 
was found near 22 mole percent of boron oxide. 

Two discontinuities were found in the liquidus- 
composition and index-of-refraction—composition 
curves at the 18 and near the 26 mole percent of 
boron-oxide composition. Glasses containing 26 
mole percent or less of boron oxide produced iso- 
tropic crystals at the liquidus, whereas the glasses 
containing 28 mole percent or more produced 


anisotropic crystals. As the boron oxide content 


t accents SS ET : ; “eee 

= a of the glasses was increased the liquidus tempera- 
x L— | ture decreased from 1,061° to 903° C. 

| Ne Boron oxide was substituted for silica in glass 











no. 645 (table 2). The substitution of boron 
oxide for silica produced the same anomalous effect 
on the index of refraction as in the preceding 
series. Maxima found in the index-of- 
refraction—-composition curves at 22 and 26 mole 
Dis- 
continuities were found in the index-of-refraction— 
composition and liquidus-composition curves near 


were 


percent of boron oxide (table 8 and fig. 8). 


. 1S and 24 mole percent of boron oxide. The 
520 14 8 22 26 30 Evy 38 fi aeail  Saaeee Y e =40 anne OO; ' 
34 = 4 —~ os —4 liquidu decreased from 1,054° to 960° C and then 


MOLE PERCENT 


effect of the substitution of boron oxide for 


96 on the Abbe value. indices olre fraction 


arch Meum Crown Glasses 


+s 





increased slightly to 970° C 
content of the glasses was increased. 


as the boron oxide 
The Abbe 
their 


values of the glasses increased as boron 


oxide content was increased. 





rasB.e 8 Series 8. Substitution of boron oride for silica 


GLASS NUMBER 


INDEX OF 


REFRACTION 


LIQUIDUS, °C 
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5 
5) 


1000 


LIQUIDUS °C 


950 
B,0, |4 ig 
SiO, 46 42 38 30 
MOLE PERCENT 





FIGURE Ss Effect of the substitution of boron oxide for 
silica in glass 645 on the Abbe value, indices of refraction, 


and liquid ‘8 


Boron oxide was substituted for silica in glass 
No. 647 (table 4) containing 6 mole percent of 
lanthanum oxide. The indices of refraction of the 
glasses increased and then decreased (table 9 and 
fig. 9) as the boron oxide content of the glasses 
increased from 14 to 34 mole percent. The glass 
containing 22 mole percent of boron oxide had the 
highest index of refraction of any glass in this 
series. The liquidus of the glasses decreased to a 
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Series 9 Substitution of boron oxide for sili 
GLASS NUMBER 


653, 711, and 723 


ION 


1. (05 1. iNT H6s4 
1. 6731 1. 6733 wiv 
1. 6816 1. GRINS 1. 6802 
|. OSS4 1. OSS6) 1. O80 
u & u “aS 


was substituted for silica. All of the 


‘ontaining 16 boron oxide 
glasses in this series produced anisotropic crystals 


mum of 1,051° C for the glass « 


percent of boron oxide: then it increased to 
(5° C at approximately 26 mole percent and at the liquidus; those from the glasses containing 
14 to 16 mole percent of boron oxide were needle- 


ined fairly constant as the boron oxide con- 
The crystals from the other glasses were 


In this respect, this series of like 


was increased. 
very small and had rounded edges. 


ses differs from all the other series in which 


TABLe 10 Twelve mole percent lanthanum oride qlasses 
} 7 


GLASS NUMBER 


INDEX OF RE 


LIQUID! 


making determination impossible, 


barium Crown Glasses 


























Glass no. 650 containing 12 mole percent of ! T T 5 ee Re oa 
. - . . . ww 
lanthanum oxide had a high index of refraction z 6 OO ! ha 
(np= 1.7056), an Abbe value of 53.5 and a liquidus 55.0 aed DI 
of 1,276° C. Boron oxide was substituted for 16 | \ni 
mole percent of silica to determine whether this ol 
substitution would produce a glass with similar of | 
optical properties and a substantially lower liqui- —- Me mol 
ry? © “pe = 
dus temperature. The resulting glass, melt 732 vs 
. ° a 
of table 10, had an index of refraction, np, of + I 
= E Pe . ‘ a a 
1.7043, Abbe value of 54.0 and a liquidus of ed was 
: : : re) P 
1,164° C, which is more than 100° C below the pos ’ mf 
. . _- ry ia 
liquidus temperature of melt 650. The substitu- cS) ser 
2 1.6500,5 
tion of barium oxide for beryllium oxide or for z'. ri 
silica and boron oxide in composition 732  pro- oxid 
duced glasses with approximately the same liqui- . \ 
° . ° ° > s 
dus temperatures but with higher indices of re- B.0 
fraction and, in the case of two of the glasses, . rn 
lower Abbe values (see melts 769, 745, and 744 de 
of table 10) Attempts to cool 1,000-g melts of - eee r 
compositions 732 and 745 in the form of a block = °%&, ye 
; : 
approximately | neh thick resulted in considerable 2 000+ War 
° “— , . D> 
devitrification. Work is in progress to alter these a at 
glasses so that they can be cooled without devitri- p> aa % 
ar 950f- ¥ 
fication. 
: . ‘ : 1 L i 1 
Boron oxide was substituted for silica in glass 8:0; 4 22 26 30 34 * 
number 671 containing 4 mole percent of thoria. eo = = ” = = 68 n 
pam . . MOLE PERCENT ‘ 
The index of refraction increased and then ; , & Pence i 
} | . TI " Fiat RE 10 Effect of the substitution o} horor 
decreased (table 11 and fig. 10). le maximum silica in glase 671 on the Abbe value, indices 
index of refraction appeared to be ata composition and liquidus. 
TABLE 11 Series 10 Substitution of boron oxide for silica gS 
(LASS NUMBER Si 
. | 
671 and 679 659 and 672 65s 677 734 and 747 654 740 ) 
gl 
Mole Mole Vole Mole Vole 
V Mole wt wt wt Mole wt wt ‘ 
S10) " 2Y.7 42 27.0 Ss 244 4 «21.7 2 v1 BS 17.8 2 
Bw) ‘ Ww Is 13.4 22 4 2 19.3 2s “7 " 2 2 zx ‘ 
Bal > +0) 2 2s i. 1 2s 45.8 2s 5.7 as 5.¢ 2s 45 Pa) 4 2s ‘ 
BeO 4 2.2 x 2.2 x 1 8) 21 % 8) 21 % X vlass 
rho ‘ ‘ ] I ! 11 { 11.2 ‘ ll 1 11.2 | ‘ : 
INDEX OF REFRACTION H 
‘ ‘ 672 s 1 { iu re ll @ 
14 Ht 1 70 1. 471 a7 HAs 1. 6457 iu 1.459 44 +] 
‘ uy 1. Me 1 iM ae 1. 407 1 No tit 1 49! 1 waN0 : 
9 1. 6582 1. A582 HSN2 ‘ 1 A568 “sy 1 one i Pe 
“4 Th twit 1. 4 tw 1. wie 1. tI 1. We 1 ntl 1 wi 
» x 9 x 4 x 1 is a.7 a 2 y 1 
ri 
LIQUIDUs, 
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approximately 20 mole percent of 


_ contain 

~ boron oX. de. A minimum liquidus was found at 

= approximately 30 mole percent of boron oxide. 
\nisotropic crystals were formed at the liquidus 
fom glasses containing 30 mole percent or less 


of boron oxide. Glasses containing more than 30 

vie HF ole percent of boron oxide produced isotropic 
epystals at the liquidus. 

In all the series of melts in which boron oxide 

was substituted for silica similar anomalous effects 


' ® y the indices of refraction of the glasses were ob- 
served. The maximum index of refraction in each 
wries Was found at 18 to 22 mole percent of boron 
oxide. A similar anomalous effect was observed 

~n, by English and Turner [3] in a series of Na,O.- 
1 §.0,.5i0, glasses containing approximately 20 
on, HE percent of Na,O. They found a maximum in the 
ai ndex of refraction curve at approximately 27 mole 
percent of boron oxide. This series of glasses was 

peated under more controlled conditions by 

Wang and Turner [4]. The melts were made in 

' platinum crucibles, and the glasses were analyzed. 
‘hey found a maximum in the index-of-refraction- 
mposition curve at approximately 20 mole 

4 reent of boron oxide. Ina series of glasses con- 
22 ining alumina, calcium oxide, sodium oxide, 


otassium oxide, boron oxide, and silica, Turner 
ul Winks [5] observed a maximum at approxi- 
ately 24 mole percent of boron oxide. 


8. Serviceability and Chemical Durability of 
Some Glasses Containing Lanthanum Oxide 


When 


git be useful as optical glasses, the question of 


working with new compositions that 
le serviceability or ability of the glasses to main- 
a clear polished surface is always of impor- 
nee. The hygroscopic nature of an optical 
glass has been proposed as an indicator of its 
ry ceability |G}. 
Hygroscopicity determinations were made on 
the glasses from series 4 in which lanthanum oxide 
is substituted for barium oxide and on three 
dditional glasses containing 12 mole percent of 
withanum oxide.6 A number of glasses were ex- 
posed at one time. The results in table 12 are 


srouped to show simultaneous determinations. 
for purposes of comparison a sample of a borosili- 


ile crown optical glass (BSC 517/645) known to 
wave good serviceability and a sample of a glass 
insatisfaectory serviceability (“dish”) were in 


s made by Donaid Hubbard of this Bureau 


arch Barium Crown Glasses 





cluded. The results indicate that the glasses con- 
taining lanthanum oxide are as good as or better 
than BSC 517/645. 


TABLE 12. 
lanthanum oxide as indicated by exposure to the high 
humidity obtained from a saturated CaSO,. 2H,O solution 
in a closed system ' 


Hygroscopicity of some glasses containing 


Water sorbed 


Mole percent of after exposure 


Glass No for 
SiO» B,O BaO BeO  LapOs lhe 2hr 
GROUP A? 
mgcm’ | mgicm 
45 44) 14 32 - 0 18.6 33.3 
675 46 14 31 & 1 12.3 17.9 
46 4h 14 30 & 2 9.2 14.3 
651 4 14 2 & ; 68 12.5 
673 4 14 Ds & 1 13.8 2.3 
676 4t) 14 277 s 10.8 W.6 
BSC 517/645 17.0 23.6 
GROUP B 
67t 4 14 Pri s 17.0 .¢ 
47 i 4 26 S f 7.1 11 
49 4) 4 24 S s s 11.2 
674 4) 14 22 Ss 10 20 6.5 
On 4) 14 v1) s 12 6 ut 
GROUP ¢ 
O00 4t) i4 v1) sS 12 57 sO 
732 «0 ww) a» s 12 “4 3 
T4H4 2s 2s v1) rn 2 53 a4 
74 2s 2s M4 s 12 5.5 8.7 
BSC 517/645 18.4 
“Dish 0.6 117.0 


Determinations made by Donald Hubbard of this Bureau 


Groups indicate samples exposed at the same time 


To obtain an indication of the chemical dura- 
bility of glasses containing lanthanum oxide, 
polished samples of four glasses containing 12 
mole percent of lanthanum oxide were partially 
immersed in Britton universal buffer at pH values 
from 2 to 12 and in 5-percent sodium hydroxide 
solution for 6 hours at 80° C, and the amount of 
attack was measured by an interferometer method 
7]. The results are given in table 13, which also 
includes for comparison the data on a BSC 517/645 
and a light barium crown optical glass (LBC 
540/574). The lanthanum 


oxide appeared to be slightly less acid-resistant 


glasses containing 


and considerably more alkali-resistant than the 
typical crown optical glasses. 
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TABLE 13 


percent lanthanun 


ittack values on four glasses containing 12 mole 
oxide exposed for 6 hr at S8O°C to 
Britton universal b iffer covering pH range 2.0 to 12.0 
and to 5-percent sodium hydroxide solution as determined 


method ' 


hy an interferomete 


Glass number 


pH 
° BS¢ LBC 
. ee : 17/645 ? 5725/574 
Fringes Fringes Fringes Fringes (Fringes Fringes 
2.2 2 pitted 2 at be pitted 
1.2 : ' 4? 
no ‘ 3, 
a0 \, 1+ 
Ww ‘ 
11.9 134 114 
percen ‘ 
NaOH 
iutior 
Determinations made by Donald Hubbard of this Bureau 
Bs 17/645 and LB¢ 25/574 are borosilicate crown and light barium 
wh optical glasse respectively 
One fringe equals approximately 0.29 micron ‘ Not detectablh 
Exposed for hr; the attack for 6-hr exposure should be approximately 
‘ the reported 
IV. Conclusions 
n » . . 
1. The substitution of beryllium oxide for 


barium oxide on a mole-for-mole basis lowered the 
index of refraction and increased the Abbe value. 
When beryllium oxide was substituted for silica, 
the index of refraction was increased, and the Abbe 
When less than 
6 to 8 mole percent of beryllium oxide was substi- 


value was only slightly changed. 


tuted for barium oxide or silica, the liquidus 
temperature was lowered. Greater amounts of 
beryllium oxide raised the liquidus temperature 
and increased the tendency of the glass to crystal- 
lize. 

2. Substituting up to 26 mole percent of 
calcium oxide for barium oxide on a mole-for- 
mole basis markedly aided the fining of the glass, 
but the index of refraction was lowered and the 
Abbe value was increased. 

3. The lanthanum 


barium oxide on a mole-for-mole basis produced 


substitution of oxide for 
a large increase in the index of refraction and a 
The increase in index 
percent 
than 6 
mole percent produced a large increase ip liquidus 


decrease in Abbe value. 
of refraction averaged 0.0056 per mole 
substituted. The substitution of more 
temperature. 

4. The substitution of thorium oxide for barium 
oxide on a mole-for-mole basis produced an 
increase in the index of refraction and a decrease 
in Abbe value. The increase in index of refrac- 
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tion averaged 0.0028 per mole percent s 





Stituted 
The substitution of more than 4 mole percent pro- 
duced avery large increase in liquidus ten peraty 


5. The substitution of boron oxide for 
produced an Abbe value and 
anomalous effect on the index of refraction. 4. 
the boron oxide increased, the ndex of I 
refraction increased to a maximum near 22 py 


sili 


i 


increase in 





was 


percent of boron oxide. Increasing the bop 
oxide content of the glasses usually lowered { 
liquidus temperature; the 


lanthanum oxide were exceptions to this statem 


glasses containing 

6. Discontinuities in the liquidus-composit; 
curve and the index of refraction curves for ea 
series were found at approximately the sa 
composition. These discontinuities, which we 
accompanied by a change in the primary phas 
at the liquidus temperature, indicated a chang 
in the arrangement of the atoms in the ¢\; 
phase. 

7. The possibility of producing optical glasses 
with indices of refraction of 1.71 or higher wi 
Abbe values above 50.0 was indicated. 

8. Glasses containing lanthanum oxide exhibit 
verv low hygroscopicity, which indicates t! 
they will maintain good polished surfaces und 
normal These glasses 
appeared to offer unusually high resistanc 
the attack of alkaline solutions. 

9. Experimental glasses have been made t! 
markedly depart from the linear relations! 
between index of refraction and Abbe value t! 
The fi 


of known optical glasses has been extended 


conditions of service. 


prevails in ordinary optical glasses. 


very desirable direction from the point of view 
of optical instrument design. 
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Influence of Low Temperatures on the Mechanical 
Properties of 18:8 Chromium-Nickel Steel 


By D. J. McAdam, Jr., G. W. Geil, and Frances Jane Cromwell 


By means of tension tests of notched and unnotched specimens, an investigation has 


been made of the mechanical properties of various 18:8 chromium-nickel steels between room 


temperature and —I188° C. 
austenitic type. 
change and thus hardens the alloy. 


temperature 


the load-extension curve sometimes has two maxima. 


One of the steels was ferritic: the others were of the metastable 
Plastic deformation of the metastable austenitic allovs causes a phase 
The rapidity of this change increases with decrease in 


\t low temperatures the hardening due to the phase change is so rapid that 


For this reason six important strength 


indices sometimes are required to evaluate the mechanical properties 


I. Introduction 


In a series of the authors and their 


papers, 
sociates have presented results of a general 

stigation of the influence of low temperatures 

the mechanical properties of ferrous and 
ferrous metals [6 to 11]... However, the only 
steels studied were ferritic, and the only stainless 

was a 13:2 chromium-nickel steel [6,7]. Of the 
iromium-nickel alloys generally classed as austen- 

there are two groups; in one group, the 
uistenite is stable at room temperature; in the 
When 
alloys of the metastable, or “‘marginal’’, group are 
1,900° F, they are 
the austenite tends to change 


ther group, the austenite is metastable. 


oled rapidly from about 
austenitic, but 
tially to ferrite when the alloy is plastically 
formed at reheated 
ve 1,000 


room temperature or is 
°F and subsequently cooled slowly. 
\lthough metastability of these alloys is dis- 
their 

gth and toughness make them suitable for 
many types of 


intageous for some types of service, 


service, especially when good 
rosion and oxidation resistance is required. 
One of the most important of the marginal alloys 
tains about 18 percent of chromium and 8 
cent of nickel and is generally known as 18:8 
‘(romum-nickel steel. Generally the chromium 
ilent ranges between 17 and 19, and the nickel 


itent between 7 and 9 percent. As the space 


-_—_———. 


rackets indicate the literature references at the end of this 
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lattice of chromium is body-centered and that of 
nickel is face-centered, an increase in the chromium 
content tends to make the alloy ferritic, and an 
increase in the nickel content tends to make it 
For steels containing 18 percent of 
138 to 15 nickel 
generally is necessary to make them stable at 


austenitic. 


chromium, about percent of 


room temperature. The boundary between the 
stable and marginal group, however, depends on 
the percentage of carbon, manganese, and other 
alloying elements that may be added for special 
It depends also on the temperature. 

As shown by Aborn and Bain [1], Pilling [13] 
and others, the 18:8 alloy at room temperature 


uses. 


would be completely stable only as a mixture of 
ferrite and carbides.2 Although rapid cooling of 
the commercial 18:8 alloy from about 1,900° F 
prevents the transformation of the austenite to 
ferrite, some ferrite will be formed subsequently if 
the alloy is deformed plastically at room tempera- 
ture. 
carbon in supersaturated solution, it is sometimes 


Because the ferrite thus formed contains 


‘alled martensite [13]. In future reference to this 


phase, however, it will be designated as ferrite. 
During long exposure of the 18:8 alloy to elevated 
temperatures, the metastability of the alloy 
manifests itself by precipitation of carbides. 
Krivobok and Lincoln [5] investigated a series 
of alloys of the 18:8 type. 
ranged from about 17 to 19 percent and the nickel 


The chromium content 


Complete stability could be obtained only by cooling the steel at a very 


slow rate, requiring a’cooling period much longer than is practical 
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from 7 to 9 percent. Moreover, there were two 
series with different carbon contents; the alloys 
of one series contained about 0.05 percent, and 
those of the other series contained about 0.15 
percent They studied the effect of 
composition on the mechanical properties of 
annealed strip and of strip that had been cold- 
rolled various amounts. The ultimate stress and 
the ductility were found to vary greatly with the 
composition. - They also discuss the influence of 
composition on the stability of the austenite. 
Pilling [13] compared the rate of work-hardening 
of an 18:8 alloy with that of an 18:14 alloy and 
found that the 18:8 alloy hardened much more 
rapidly because of a greater precipitation of ferrite. 
Pfeil and Jones [14] compared the rates of work- 
hardening of 18:8, 18:15, and 18:29 alloys, and 
also studied the variation of the work-hardening 
with carbon content. They found that the 18:8 
alloy hardened more rapidly than the others. 
They also found that the rate of work-hardening 
of the 18:8 alloy increased greatly with increase 
in the carbon content, whereas the rate of work- 
hardening of the other alloys was affected very 
little. However, other investigators [15, 18] have 
reported results obtained with an 18:8 alloy in 
which the rate of work-hardening varied little or 
decreased with increase in the carbon content. 
Austin Miller [2] studied the magnetic 
permeability of chromium-nickel stainless steels. 
In the austenitic state an alloy of the 18:8 type, 
an 18:12 alloy, and a 25:12 alloy were found to 


of carbon. 


and 


have practically the same magnetic permeability, 
about 1.003. With cold-work the 
permeability was rapid for the 18:8 alloy, was 


increase in 


much less rapid for the 18:12 alloy, and was 
negligible for the 25:12 alloy. The permeability 
of the 25:12 alloy was practically unchanged 
after 90-percent reduction in area of the cross 
section. 

Post and Eberly [15] studied the change in mag- 
netic permeability with cold work as affected by 
variations in the percentages of chemical elements 
in the alloy. The chromium ranged from 13.9 to 
24.3 percent, nickel from 
from 0.03 to 0.20, manganese from 0.4 to 3.92, 
molybdenum up to 2.4, titanium up to 0.5, 
percent. An empirical 


7.75 to 20.65, carbon 


and 
columbium up to 1.0 
formula was developed to show the percentage of 
nickel necessary to make an alloy stable when 
reduction in cross 


cold-worked to 80-percent 
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section. As carbon, manganese, and mx 
have a marked effect on the stability of 
constants for these elements are inclu 
formula. Titanium and columbium cd; 
stability of austenite. Manganese is shout byt 
as effective as nickel in austenite-forming endener 
and molybdenum is one and one-half times « 
effective as chromium in ferrite-forming (endene 
The formula developed, however, is based ». 
tirely on results of experiments at room temper. 
ture. The results of the present investigation wij 
show that the formula does not apply to thes 
alloys at low temperatures. The percentage of 
nickel necessary to cause stability varies with thy 
temperature. 

Uhlig [19] showed that nitrogen, which is presey 
in the commercial 18:8 alloys, inhibits the chang 
from austenite to ferrite at room temperature. |f 


bden im 
Uustenite 
d in the 


ASC the 


a heat is prepared free from nitrogen, it will be 
partly ferritic even when quenched from 2,100° | 
If the carbon is also reduced to a negligible amoun 
the quenched alloy is almost entirely fer 
With free access of air during melting, alloys with 
high chromium content absorb enough nitroge: 
have a great effect on their properties. 

When high strength is needed for a stabl 
marginal austenitic alloy, it can be obtained on) 
by cold-work. On the other hand, Smith, Wyek 
and Gorr [17] have developed a ferritic alloy 
approximate 18:8 composition, which can | 
strengthened by 
austenite-forming and _ ferrite-forming 
are balanced so that the 
spontaneously to ferrite during about 4 hour 
after the alloy has been air-cooled from 1,0 
F. The ferrite thus formed contains carbon and 
other elements in supersaturated solution. Wher 
the alloy is heated at 900° to 1,000° F, 1 
hardened by particle-precipitation. The pre 
tate has not yet been identified, but the mos 
important element associated with the precipit 
tion-hardening is titanium. If the titanium : 
tent is less than 0.4 percent, the alloy may ren 
temperature; 1 


precipitation-hardening. Tle 
element 


austenite transfor 


partly austenitic at room 
content is more than 1.0 percent, precipitat 
hardening will be excessive, and the ductility 
be too low. Aluminum is added primarily 
deoxidizer, but the excess remaining in the ale 
augments the precipitation-hardening effect o! ! 
titanium. 

The influence of low temperatures on (he }! 
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erties of (errous and nonferrous metals has been 
»vestigeted by Colbeck, MacGillivray, and 
Manning (3). An 18:8 chromium-nickel steel was 
bncluded in their investigation. They report 
values the vield stress, ultimate stress, and 
of area at various temperatures between 
perature and the temperature of liquid 
»ir, but they give no values for the breaking stress. 
Haas and Hadfield [4] reported values for the 
ame properties at room temperature and at the 
3528" ©). 


shown in 


reductl 


emperature of liquid hydrogen ( 
‘heir values for ultimate stress are 
eure 15, which will be discussed later. 
Rosenberg [16] studied the tensile and impact 
woperties of aircraft metals, including various 
pllovs of the 18:8 type, at temperatures down to 
78°C. In addition to plain 18:8 alloys, there 
ere alloys containing small percentages of ele- 
ents that are customarily added to prevent local 
jepletion of chromium by carbide precipitation at 
levated temperatures. Specimens from some of 
hese heats of steel have been included in the 
westigation to be deseribed in this paper, and 
few of the results obtained by Rosenberg have 
een plotted in some of the figures. 
The literature on the properties of the chromium- 
ckel stainless steels is confined mainly to the 
tudy of the properties of the alloys at room 
mperatures and at elevated temperatures. Very 
ttle work has been reported on the mechanical 
roperties of these alloys at low temperatures, 


nd in these reported investigations insufficient 
formation is supplied on the flow stresses, break- 
ig stresses, and fracture of the alloys. In recent 
ars there has been increasing need for addi- 
onal information about the influence of temper- 
ire down to that of liquid air on the properties 
The paper gives the 
sults of an investigation of the effect of temper- 


these alloys. present 
ire, ranging from room temperature to that of 
on the mechanical properties of 18:8 
The 


this study also reveal the influence of plastic 


yuid air 


romium-nickel alloys. results obtained 
formation and temperature on the transforma- 
nm from austenite to ferrite and give informa- 
n applicable qualitatively to the entire group 
metastable alloys, including those that are 
ich nearer than the 18:8 alloy to the boundary 
‘ween the metastable and the stable austenitic 


oup. An alloy of the ferritie 18:8 steel of the 


ect of Low Temperature on 18:8 Cr-Ni Steel 
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precipitation hardening type also was included 
in this study. 


II. Materials, Method of Investigation, 
and Specimens 


The alloys used in this investigation were all of 
the 18:8 type; the chemical compositions are given 
in table 1. The compositions of all but one of 
the alloys were such that the alloys were austenitic 
after quenching from 1,900° F; the alloy desig- 
nated £77 in table 1 becomes ferritic after quench- 
ing from 1,900° F, and can then be hardened by 
The heat treat- 
described in 


reheating to cause precipitation. 
ments given to these alloys are 
table 2. 

TABLE 1. Description of steels 


Chemical composition 


Material 
designation 


Chromium 
Nickel 
Molybdenum 
Titanium 
Columbium 
Aluminum 


Silicon 


Per- Per- Per Per- Per 
cent cent cent cent cent cent 
0.44 IS. 22 8. 13 

IS, 82 9. 38 

19.04 015 
10. 16 
18, 5S S03 


18. 61 


18. 41 SS 


TABLE 2. Heat treatment of steels 


lem per- rime 
ature held 


Rod di 


Cc “ 
ameter ooled in 


Material designation 


hr 


*» Annealed by manufacturer 


The alloys were received in the form of round 
rods of the sizes indicated in table 2. The rods of 
one of the alloys, designated by EF in table 1, had 
been annealed by the manufacturer. The anneal- 
ing treatment doubtless was about the same as 
the austenitizing treatment given to alloys EA to 
EE (table 2). The rods of the other alloys were 
in cold-drawn condition; the rods of two of the 








alloys (LB and FE) had been drawn two different 
amounts. 

For a description of the apparatus and the 
methods of testing at low temperatures, reference 
may be made to a previous paper [6]. Most of 
the specimens used in this investigation were un- 
notched and of standard form. Deeply notched 
evlindrical specimens, however, were also used in 
obtaining the diagrams in figure 16. The notches 
were all about the same depth (f=about 0.16),* 
but the notch angle varied between 150° and 50°. 
The notched specimens were about 51, 
The ends of the specimens were threaded to 
%-in. diameter. Between the threaded ends, the 
specimen was machined to a uniform diameter 
circumferential V-notch was 
midsection. The 


Men : 
ins. long. 


of % in., and a 
machined at the notch was 
carefully machined to the selected angle, with the 
conical sides tangent to the are at the root of the 
notch. Care was also taken to minimize heat- 
ing, bending, or appreciable cold work during the 
machining. 

The results are presented in diagrams of three 
tvpes. Diagrams of the first type (figs. 1 to 3) 
show the influence of extension on the nominal 
stress, the load divided by the initial area of 
cross section. Diagrams of the second type 
(figs. 4 to 8) show the variation of the stress with 
the true strain. third type 


(figs. 9 to 16) show how the strength indices of 


Diagrams of the 


these alloys vary with temperature. 


III. Variation of the Nominal Stress with 
Tensile Extension 


Automatic load-extension diagrams obtained in 
the tension tests of the 18:8 chromium-nickel steels 
gave clear evidence of phase changes during the 
plastic deformation. Typical curves derived from 
automatic load-extension diagrams obtained with 
unnotched specimens are shown in figures 1, 2, and 
3.4 These curves show the influence of plastic 
extension on the nominal stress, that is, the stress 
value obtained by dividing the tensile load by the 
initial area of cross section. 
h2 BB) of the 


minimum cross section, where 6 and B represent the radii of the minimum 


Noteh dept expressed in terms of the relative area 


and mayimum cross section, respectively Thus, the greater the notch 
depth, the smaller the value of 
‘No actual points, except those for the final breaking stresses, are shown 
the derived diagrams of figures 1, 2, and 3. The use of symbols or plotted 
points along the curves would tend to obscure the abrupt changes that occur, 


especially for the &°C and sA°C curves 
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18) 10 20 30 40 50 60 70 
EXTENSION, PERCENT 
Figure 1. Variation of nominal stress wit! 


annealed 18:8 chromium-nickel steel p 


Figure | shows results of tension tests of anne: 
austenitic plain 18:8 alloy at three different | 
peratures. The curve obtained at room 
perature is qualitatively similar to a curve obtain 
without phase change. The slope decreases | 
tinuously between the points representing vi 
and maximum load. Transformation from 
tenite to ferrite during 
room temperature evidently was not sufficient | 


plastic deformation 


cause a qualitative change in the form of the cur 
The curve obtained at —78°C, however, ¢ 
clear evidence of a rapid phase change during | 
tension test. The reversal of curvature and | 
rapid increase in slope beyond the point of reve! 
(RE) 


plastic extension was due not only to ordi! 


indicates that the strengthening ¢ 
work-hardening, but also to hardening « 
transformation of austenite to ferrite s 
The hardening caused byt 
tr 


rated with carbon. 
phase change possibly is not due mere! 
difference in hardness between the fe! 
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it may be due partly to precipitation of 
les of the ferrite within the austenite 
to precipitation of carbides. 


austenit 
fine pal 
erains, 0 





EBM, COLD DRAWN EBN, COLD DRAWN 


FIRST ULTIMATE STRESS y y 
SECOND ULTIMATE STRESS = a 
NOMINAL BREAKING STRESS 
ROOM TEMPERATURE 





SANDS) 
~w 
c 
a 
96. 


rm 

oO 
| 

c 


~m 
oO 


INCH (THOUS 


+Q 


PER 

















0 30 40 10 20 30 40 50 
EXTENSION, PERCENT 


Variation of nominal stress with extension, 
awn 18:8 chromium-nickel steels, plain. 

188° C reveals still 
influences of work 


The curve obtained at 
more clearly the combined 
lardenmg and the hardening caused by phase 
change. This curve, like the curves obtained at 
oom temperature and at —78° C, shows no 
wbrupt yield point; from the region representing 
the beginning of plastic strain, the curve rises 
with continuously decreasing slope to the maxi- 
mum designated by U. The descent beyond U 
epresents the effect of incipient local contraction. 
ln the absence of a phase change, the local con- 
‘action would have continued, and the curve 
Would have descended with increasing slope to a 
However, the local 
nm and consequent descent of the curve 


point representing fracture. 
On tTracts« 


eas ' 
‘dently Was stopped by a rapid phase change. 
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Figure 3 Variation of nominal stress with extension, 


cold-drawn 18:8 chromium-nickel steels. 


The influence of the hardening due to the phase 
change then became dominant and caused the 
rise of the curve from the minimum to a second 
maximum designated by U’. This point indi- 
cates the beginning of final local contraction. 

The ordinates of points U7 and U’, therefore, 
represent first and second ultimate stresses. The 
final local contraction beginning at the second max- 
imum of the tensile load is not necessarily in the 
same place as the incipient local contraction at the 
first maximum. Specimens examined after frac- 
ture at low temperatures often show evidence of 
slight local contraction at a distance from the 
region of final contraction. 

Figure 2 shows results obtained with 
drawn-rods of the same alloy that was used in ob- 
taining figure 1. The metal designated EBM in 
figure 2 was moderately cold-drawn to approxi- 
mately 49-percent reduction of area, and the metal 


cold- 
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designated EBN was severely cold-drawn to ap- 
proximately 71l-percent reduction of area. The 
curves obtained at room temperature are similar 
in form to the curve obtained at room temperature 
with the annealed alloy; there are no reversals in 
curvature or second maxima. As would be ex- 
pected, however, the extension at the maximum 
load was much less for the moderately cold-drawn 
metal EBM than for the annealed metal, and there 
Was practically no extension at the maximum load 
for the severely cold-drawn metal EBN. The 
curves obtained at room temperature, therefore, 
are qualitatively similar to curves obtained with- 
out phase change 

Comparison of the curves obtained at — 188° C 
with the annealed metal and with the cold-drawn 
metals (figs. 1 and 2) shows that the increase in 
the nominal stress between the first and second 
maximum is greatest for the annealed metal, 
E-B-19, and least for the severely cold-drawn 
metal EBN. A part of these differences is due to 
corresponding differences in ordinary work hard- 
ening between the first and second maximum, but 
more is due to the differences in the hardening 
caused by phase changes. The greater the 
plastic deformation at room temperature, the less 
is the ordinary work- 
hardening and the hardening due to phase change 
during plastic deformation at —188° C. 

As previously stated, columbium or titanium 
sometimes is added to 18:8 alloys to prevent the 


combined influence of 


precipitation of chromium-rich carbides at ele- 


vated temperatures, and the resultant local 
depletion of the chromium in solid solution. The 
strong affinity of columbium and titanium for 
carbon, however, tends indireetly to decrease the 
stability of the austenite at low temperatures. 
Figure 3 shows results of tension tests of two 
cold-drawn 18:8 alloys, one containing columbium 
and the other containing titanium. Comparison 
of the room 
shows that alloy ECM had been less severely 
cold-drawn than alloy FEM. The ultimate stress 
was much lower, and the extension at the maxi- 


curves obtained at temperature 


mum load was much greater for alloy KCM than 
for alloy FEM. 
evidently had been less severely coid-drawn than 
the moderately plain 18:8 alloy, 
EBM (fig. 2). 

The curves obtained at —78° C with alloys 
ECM and EEM (fig. 3) differ greatly. Although 


Moreover, both these alloys 


cold-drawn 
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both curves reveal clearly the hardening offee oy 
ferrite precipitation, the effect was mo promi. 
nent with the alloy containing titaniu With 
the alloy containing columbium, the prec:pitatio, 
hardening was sufficient merely to stop the abryy: 
decrease of the nominal stress from the fips: 
maximum (U7) and then to hold the stress nearly 
constant during the extension to the second may). 
mum (U’’). 
was a little lower than the first. 


The second ultimate stress, therefoy, 
With 


containing titanium, however, the nominal stress 


i} i 
1 Boy 


increased more than 50 percent between the firs 
and second maximum. 
during the plastic deformation evidently was much 


Precipitation of ferrit 


more rapid for the alloy containing titanium tha 
for the alloy containing columbium. 
188° C (fig. 3) shows 
again that the rise between the first and the seco 

maximum is much greater for alloy KOM tha 

for alloy FEM. 


The more rapid hardening of the alloy conta 


Compariso1 
of the curves obtained at 


ing titanium, however, cannot be attributed to 
difference between the effects of titanium w 
columbium. 
taining titanium had been less severely co 


As previously shown, the alloy « 


drawn than the other alloy, and hence the pre- 
cipitation of ferrite during the cold-drawing 
room temperature had been less. Consequent 
both work-hardening and precipitation harde: 
at the low temperatures were greater for the al 
containing titanium than for the alloy contain 
columbium. 


IV. Variation of the Flow Stress with the 
True Strain 


, 


Curves of the type shown in figures 1, 2, and 
are important because they show how the lo 
varies during a tension test, but they do not shov 
how the “‘true stress’ varies with plastic stra 
nor do they represent correctly the variatior 
the strain after the beginning of local contract 
Therefore, in diagrams of the type now to 
considered, ordinates represent true stresses a 
abscissas represent true strains. Figures 4 to» 


Each curve in thes 


show diagrams of this type. 
figures shows the influence of plastic strain 
which is the true tensile s 


tress 


the ‘‘flow stress,” 


at any instant during flow of the metal. tm 
is represented in terms of Ap/A> in which 


5 The ratio Ao/A is designated the effective length ratio and 
ratio of current to original length, had the specimens contr 
at the same rate as at its minimum cross section 
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i | opresent the initial and current areas of 


and A 
nek «tion. Values of Ao/A are represented on 
» logarithmie seale; therefore, true strain, which 
is defit as loge Ap A, would be measured lin- 
early 0 this seale. 
Thi ults of tension tests represented in figures 
» 3 are represented again in the diagrams 


fa different type in figures 4, 5, and 6, respec- 


of a 
ively. During the tension tests at room temper- 
at we the change in the diameter of the specimen 
was measured at frequent intervals, and measure- 
ment was continued almost to the beginning of 
fracture. The small open circles along the flow- 
stress curves represent the results of measure- 

ents during flow, and the end of each curve 


obtained at room temperature represents the true 


fracture stress, the stress at the beginning of 
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Figure 5. Variation of true stress with strain, cold-drawn 


18:8 chromium-nickel steels, plain. 
fracture. The fracture stresses were also deter- 
mined in the usual way, by dividing the load at 
the beginning of fracture by the area of cross 
section measured after fracture. The area so 
determined is generally less than the area measured 
at the beginning of fracture, because the metal 
at the rim of the cross section continues to extend 
after fracture begins at the axis [7, 10, 11]. With 
these 18:8 chromium-nickel steels, however, the 
difference between the uncorrected fracture stress 
and the true fracture stress was slight, even at 
room temperature. The uncorrected fracture 
stresses of the alloys tested at room temperature, 
therefore, are not indicated in the figures. 
78° C and at 
I88° C, no transverse measurements of the 


During the tension tests at 


specimen were made, and the fracture stresses 
were determined in the usual way, by dividing 
the tensile load at the beginning of fracture by 
the area of cross section measured after fracture. 
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As the difference between the uncorrected fracture 
stress and the true fracture stress was slight even 
at room temperature, it probably was negligible 
at low temperatures. The uncorrected fracture 
stresses indicated in figures 4, 5, and 6, therefore, 


probably are not far from the true fracture stresses. 
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Ficure 6 Variation of true stress with strain, cold-drawn 


18:8 chromium-nickel steels. 


As no transverse measurements of the speci- 
mens were made during the tests at —78° C and 

188° C, the flow-stress curves for these tempera- 
tures (figs. 4, 5, and 6) are derived from the 
corresponding curves representing the variation of 
the nominal stress with extension (figs. 1, 2, and 
3). The derivation is based on the simplifying 
assumption that each specimen remains cylindrical 
during the extension to the beginning of final local 
contraction. This assumption implies that, dur- 
ing this extension, the percent difference between 
stress and the nominal stress at any 
In this 


the flow 
instant is equal to the percent extension. 
way, the flow-stress curves for —78° C and — 188° 
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C in figures 4, 5, and 6 have been co:structes 


between the point representing yield and ‘he poin; 
representing the final maximum of the jog) 
Because of the local contraction, the curve hp. 
tween the point representing the final maximyy 
and the point representing fracture cannot } 
determined from a load-extension diag im. Be. 
tween these points, however, the curves have bee 
drawn to represent the probable approximate yan. 
ation of the flow stress at —78° C and 188° (7 
The flow-stress curve obtained with anneal, 
plain 18:8 alloy at room temperature (fig. 4) 
similar in form to curves obtained with mety 
that is free from phase change during plas 
deformation. As shown in previous papers 
11], the flow-stress line obtained with some metals 
is nearly straight between the points representing 
maximum load and fracture, as in figure 6, bu 
the line obtained with many metals rises with con- 
tinuously decreasing slope, as in figure 4. T! 
flow-stress lines obtained at room temperatu 
with the cold-drawn plain alloys (figure 5), - 
with increasing slope, thus showing the effect of 
the precipitation-hardening during the plas 
deformation. The flow-stress curves obtained 
low temperatures, like the corresponding curves 
in figures 1, 2, and 3, give clear evidence of 1! 
influence of phase change. The reversal of | 
vature and the steep ascent to the point represent: 
ing the beginning of local contraction can | 
attributed only to the hardening caused by rap 
precipitation of ferrite throughout the austenit 
Although the nominal-stress curve obtain 
with the annealed alloy at —188° C (fig. 1): 
scends beyond the first maximum (U), the « 
responding curve in figure 4 indicates that 
flow stress rises continuously with plastic stra 


The continuous rise of the flow stress is in acco! 
with the previously expressed view that the descent 
of the nominal-stress curve beyond the first may 
mum in figure 1 does not represent a yield pou! 


but represents incipient local contraction. Mo 


over, the curves obtained at —78° C with 

annealed alloy show no indication of a yield pom! 
However, all the curves obtained with the p 
viously cold-worked alioys at the low temperat 

apparently indicate an abrupt drop in the st 
beyond the first maximum. Although this dr 
of the curves resembles somewhat the drop | 


tween the upper and lower yield points of ferr! 
mt 


steels, there are two reasons why the dro} 
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es not represent a yield point. One 
that considerable plastic strain occurs 
test before the load reaches the first 
for all the alloys except the severely 
vn plain alloy EBN (fig. 5). The other 
‘hat no suggestion of a yield was obtained 
It seems prob- 


curves 
reason 

during 

maxim 

cold-dra 
reason 

with the annealed alloy (fig. 4). 
able refore, that there is no drop in the true 
dow stress for either an annealed or a cold-drawn 
¢8alloy. The strains plotted in figures 4, 5, and 
(are average true strains, calculated on the assump- 
‘ion that the specimens remained cylindrical during 
extension to the beginning of final local con- 
rraction. Aetually, however, the true strain in the 
region of incipient local contraction may be con- 
siderably greater than is indicated by the average 
Moreover, inertia 


the 


xtension of the specimen. 
effects probably accentuate the abrupt drop of the 


oad from the first 
stress, therefore, probably rises continuously with 


maximum. ‘The true flow 


ihe plastie deformation of either annealed or 
cold-<drawn 18:8 alloys. 

In figure 7, a comparison is made between a 
old-drawn metastable austenitic alloy containing 
olybdenum and a precipitation-hardened alloy. 
Phe previously discussed composition of the pre- 
pitation-hardenable alloy (2H), and the details 
fthe heat treatment are given in tables 1 and 2. 
\s shown in figure 7, the flow-stress curves ob- 
tained with the alloy (AGM) containing molyb- 
enum are generally similar to the curves shown 
The ductility of the meta- 
stable austenitic alloys evidently is not seriously 


u figures 4,5, and 6. 


feeted by the rapid hardening caused by the phase 
hange during plastic deformation at low temper- 
tures (figs. 4, 5, and 6). However, the effect of 
w temperatures on the ductility of the annealed 
lain 18:8 alloy (fig. 4) was greater than the effect 

the cold-drawn alloys (fig. 5). The adverse 
leet of a low temperature on the ductility 
vidently is greater when all the plastic deforma- 
on is at the low temperature than when part of 
isat room temperature. Precipitation of ferrite 
irom the austenite, therefore, evidently has con- 
effect on the ductility. The 
luctility exhibited by these alloys at low tempera- 


siderable good 


‘ures may be due partly to retention of some of the 
dustenite 


At room temperature, the flow stress curve for 
ce alloy EH—A-—10 (fig. 7) was higher than 
the moderately cold-drawn plain alloy 


the ferrit 


that lor 


Effect of Low Temperature on 18:8 Cr-Ni Steel 





WITH TITANIUM AND 
ALUMINUM, EH-A-10, 
PRECIPITATION - HARDENED 


WITH MOLYBDENUM 
EGM, COLD DRAWN 


~ FIRST MAXIMUM LOAD. 
~ — SECOND MAXIMUM LOAD 
~~ FLOW STRESS, MEASURED @ — — UNCORRECTED FRACTURE 
~ TRUE FRACTURE STRESS STRESS. 
L — — LOCUS OF FRACTURES 
RT — ROOM TEMPERATURE 


STRESS. LB PER SO INCH (THOUSANDS) 














5 2 3 Ls 
EFFECTIVE LENGTH RATIO, A,/A 


Figure 7 Variation of true stress with strain, 18:8 


chromium-nickel steels. 


EBM (fig. 5) or the moderately cold-drawn alloys 
containing titanium, columbium, and molybdenum 
(figs. 6 and 7), but was lower than that for the 
severely cold-drawn plain alloy EBN (fig. 5). The 
ductility of the ferritic alloy at room temperature 
(fig. 7) was a little less than that of any of the 
cold-drawn metastable austenitic alloys (figs. 5, 6, 
With 


ductility of the ferritic alloy decreased rapidly, and 


and 7). decrease in temperature, the 
a specimen tested at — 188° C showed no ductility 
To make sure that the brittleness at that tempera- 
ture was not due to some defect in the specimen, 
another specimen was tested; the result was the 
same. The effect of low temperatures on the 
ductility of this alloy, therefore, evidently is 
similar to the effect on the ductility of annealed 
low-carbon steels. For use at low temperatures, 
the ductility would possibly be improved if some 
austenite were retained along with the ferrite and 
the precipitated constituent. 
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It has been shown that the influence of the 
total plastic deformation on the flow stress at 
a low temperature depends on the relative amounts 
of the plastic deformation at room temperature 
For a study of the 
influence of both the prior plastic deformation at 


and at the low temperature. 


room temperature and the total plastic deforma- 
tion, results obtained with the same metal after 
various amounts of prior plastic deformation may 
diagram, in which 


be assembled in a_ single 


abscissas represent values of the total plastic 
deformation [12]. A diagram of this type is 
shown in figure 8, which is derived by assembling 
flow-stress curves reproduced from figures 4 and 5. 
Figure 8 thus represents the influence of total 
plastic deformation on the flow stress and fracture 
stress of a plain 18:8 chromium-nickel steel. As 
the true strains represented by the prior plastic 
deformation and the subsequent deformation 
during a tension test are directly additive, and 
inasmuch as the abscissa and ordinate scales in 
figure 8 are the same as in figures 4 and 5, the 
flow-stress curves have been transferred directly 
from the basic diagrams to figure 8. In such a 
transfer, however, it is necessary to place the 
origin of each curve at an abscissa representing 
the corresponding amount of prior plastic de- 
formation. The two vertical dot-and-dash curves 
in figure 8 represent the amounts of prior plastic 
deformation given to alloys EBM and EBN. 
Curve Fy represents approximately the tensile 
flow-stress curve that would be obtained if the 
stress could be kept unidirectional. The local 
contraction of a tension test specimen induces 
transverse radial tensile stress, and the ratio of the 
transverse to the longitudinal stress (radial stress 
ratio) increases with the local contraction. Because 
of the increasing radial stress ratio, curve F for 
the annealed alloy rises above the derived curve 
F,. A method of deriving curve F) is described in 


a previous paper [12] in which the relation between 
In figure 8, 


curves F, and F is shown in diagrams. 
curve Fy has been drawn so as to be in approxi- 
mately correct relation to curve F for the annealed 
alloy. It also has been drawn to pass through the 
first maximum points .Vf on the flow-stress curves 
obtained with the cold-drawn alloys EBM and 
EBN at room temperature. The diagram thus 
represents qualitatively the influence of prior and 
total plastic deformation and of low temperatures 


on the flow stress and fracture stress. 
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EFFECTIVE LENGTH RATIO, A,/A 
Figure 8. Influence of prior and total plasti: 
on flow stress and fracture stress of plain 18:8 


nickel-steel. 


The curves representing flow during le 
contraction at room temperature rise above cur 
fF, because of increasing transverse radial tens 
stress induced by the local contraction. A cur 
similar to curve F, could be drawn throug! 
points .V on the flow-stress curves obtained at 
188° C. As points M represent flow stresses 
after various amounts of plastic deformation « 
room temperature and only slight plastic defor- 
mation at 188° C, a curve drawn through pout 
M would approximately represent flow und 
unidirectional tensile stress entirely at : 
but with the requirement that the precipitatiol BRpestod 
hardening was the same as at room temperatu id be 
A similar curve could be drawn to represent flow The 
at —78° C. The more rapid rise of the fo¥- Bit poo) 
stress curves obtained at —78° C and — 1S» ' 
(fig. 8) is due to the more rapid precipitat 
temperatur 


hardening during flow at these 
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The rap ise of these curves cannot be attributed 
ase in the radial stress ratio; the stress 
arly unidirectional until the beginning 
| local contraction, designated by M’. 
id precipitation-hardening during plas- 
ation at low temperatures evidently 
nereases the fracture stress nearly as rapidly as 

increases the flow If precipitation- 
were no more rapid at — 188° C. than at 


tan u 
remains 
ol the I 

The ! 
tie defo 


stress. 


hardeni! 


room temperature, the point representing fracture 


a test entirely at 188° C would be on the 
yreviousty discussed curve that could be drawn 
through the corresponding points M in fig. 8. 
With sufficient increase in the prior plastic de- 
formation at room temperature, the fracture stress 
ta low temperature would begin to decrease be- 
use of the deerease in the relative amount of 
plastic deformation at the low temperature and 

accompanying decrease in the amount of 


cipitation-hardening. 


V. Magnetic Changes with Plastic 
Deformation 


Reference has been made to several investiga- 
tions of the change in magnetic properties of 18:8 
ovs with plastic deformation [1, 2, 13, 15]. In 
investigations, quantitative studies of the 
transformation from ferrite have 
en made by measurement of magnetic per- 
(2, 15]. None of the specimens used in 
these previous investigations, however, had been 
deformed at low temperature. As 
to 8 shows that the 
wdening due to the phase change is more rapid 


austenite to 
ability 


plastically 


the evidence in figures 1 


at low temperatures than at room temperature, 
brief qualitative investigation has been made 
w determine if these differences in precipitation- 
hardening could be correlated with changes in 
mgnetism. For this purpose typical specimens 
hat had been used in tension tests represented in 
gures 4 to 7 were explored by means of a small 
These specimens in- 
cold-drawn, and 
cold-drawn metals. Some had 
ested to fracture at room temperature, and some 
ul been tested at low temperatures. 

The specimens that had been tested to fracture 
ii room temperature were slightly magnetic at the 
irface of fracture and in the adjacent locally con- 
tucted region, but the magnetic attraction was 
ardly ne 


trong horseshoe magnet. 
luded annealed, moderately 


everely been 


ticeable elsewhere along the specimen. 
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Moreover, the magnetic attraction was not ap- 
preciably greater for moderately cold-drawn than 
for annealed metal. The attraction was a little 
greater for specimens of severely cold-drawn metal, 
especially at the surface of fracture. However, 
the attraction was not strong enough to lift the 
specimens. The increase in magnetism in the 
locally contracted region is a result of the relatively 
large amount of plastic deformation occurring 
during the local contraction. 

The specimens that had been tested at —78° C 
and at —1I88° C were only slightly magnetic at 
the threaded ends, which had not been plastically 
deformed at the low temperatures. Between the 
end fillet and the locally contracted region, how- 
ever, each specimen was strongly magnetic; the 
attraction was strong enough to lift some speci- 
mens attached to both poles of the magnet. At 
the surface of fracture, the attraction was so 
strong that each specimen could be vertically sus- 
pended from one pole of the magnet. The mag- 
netic attraction along the plastically extended 
side of the specimen, however, evidently was not 
as strong for the severely cold-drawn specimens as 
for the moderately cold-drawn or annealed speci- 
mens. The weaker magnetic attraction for the 
severely cold-drawn alloy may be correlated with 
the relatively smaller amount of plastic deforma- 
tion at low temperature. The method of investi- 
gation was not sensitive enough to detect differ- 
ences in magnetism between specimens of annealed 
metal and specimens of moderately cold-drawn 
metal, or to detect differences between specimens 
that had been plastically deformed at —78° C and 
those that had been deformed at — 188° C. 

The results of these qualitative magnetic tests 
confirm the previously expressed view that the 
rapid rise of the flow-stress with plastic deforma- 
tion at low temperatures (figs. 4 to 8) is due to a 
rapid transformation of austenite to ferrite. 


VI. Variation of Strength Between Room 
Temperature and --188° C 


Consideration will now be given to diagrams of a 
different type. In these diagrams, which are 
shown in figures 9 to 16, temperatures are plotted 
as abscissas, and indices of strength are plotted 
as ordinates. In these figures, the temperature 
scale is the same that has been used in previous 
papers by the authors and their associates [6 to 
10]. Temperatures in degrees K are plotted on a 
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logarithmic seale. As abscissas are proportional DEG F -300 -200 © 200 -300 -200 





to the logarithm of the degrees K, the scale is the 
; 96 re, ap <e EA-19, ANNEALED 

same in principle as Kelvin’s original thermody- ari _— | on oe 

namic scale. This seale has been used because, Conant i LOAD. SY ate CURVE = 

as has been shown [6 to 10], it gives a linear 2 REVERSAL OF LOAD -STAam CURVE | 


TRUE STRESS AT SECOND MAXIMUM LOAD 


relationship between temperature and the strength 
indices for various metals in the absence of phase 
changes. 

The strength of most metals can be evaluated 
by the use of only three indices, namely, the yield 
stress, ultimate stress, and fracture stress. For 





18:8 chromium-nickel steels at low temperatures, 
however, six strength indices are important, 
although sometimes less than six are sufficient. 
As illustrated in figures 1 to 7, these indices are: 
vield stress, first ultimate stress, stress at a mini- 


LB PER SQ INCH (THOUSANDS) 


mum in the load-extension curve, stress at a rever- 





sal of the load-extension curve, second ultimate 
stress, and true fracture stress. All these indices 


STRESS, 


and the true stress at the second maximum load 
have been used in figures 9 to 14. Nominal-stress 
values, such as those represented in figures 1 to 3, 





have been used for the first ultimate stress, the 





minimum in a load-extension curve, the reversal 
of a load-extension curve, and the second ultimate 
stress 

Figure 9 shows results obtained with a plain 
I8:S alloy. This is not the same as the alloy used 
in obtaining figures 1, 2, 4, 5, and 8. As most of C 100 =O 100 -200 
the experiments represented in figure 9 were made TEMPERATURE 
several years ago, the importance of determining Ficure 9. Variation of the strength of plain 18:8 
values for both the first and second ultimate a ee ley Sere 
stresses was not realized. Complete curves for 18:8 alloys, the superimposed indirect effects 
the first ultimate stress, therefore, could not be greatly with the temperature, and with the amo 
obtained. As indicated by the symbols along the of plastic deformation required for determining 
two ultimate-stress curves in figure 9, part of each strength index. In studying the variation of 
curve shows the influence of a range of temperature strength indices with temperature, considera! 
on the first ultimate stress, and part shows the should be given to the relation between the d 
influence of a lower range of temperature on the and indirect effects of temperature on each 
second ultimate stress. However, the experi- The smaller the amount of plastic deformatior 
ments have been made at enough different tem- quired for determining the index, the less ar 
peratures to establish definitely the form of the superimposed indirect effects, and the more 1 
curves of variation of the ultimate stress and does the variation of the index with tempera! 
fracture stress. represent the direct effect of temperature 0 

Figures 9 to 14 show the effect of temperature strength of the metal. 
on the important strength indices. The effect of As the vield stress represents the stret 


temperature on a strength index comprises the metal at approximately the beginning 
direct effect on the strength of the metal, and the strain, the influence of temperature in | 
superimposed effects on the amount of plastic de- generally represents approximately th: 
formation and the rate of hardening in the test fluence of temperature on the stren 
made to determine the strength index. For the metal. The vield stresses of the 18:5 alloy 
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-500 -200 The yield stress of the ferritic alloy (fig. 11) 
rises much more rapidly with decrease in tempera- 





NEALED b RAW! ° 
a, ae ae ture than the yield stress of the metastable aus- 


a tenitic alloys (figs. 9 to 14); the rise is about as rapid 
© | — UNCORRECTED FRACTURE STRESS as for a carbon steel. As shown in a previous 
paper [8], a rapid increase of the yield stress with 
decrease in temperature is associated with a rapid 
decrease in ductility. 

Next to the yield stress the first ultimate stress is 
the most suitable index for revealing the direct 
influence of temperature on the strength of an 18:8 
alloy. However, when the nominal-stress versus 
extension curve merely reverses curvature without 
traversing a maximum, the nominal stress at the 
reversal may be used for the same purpose, and is 
nearly as satisfactory as the first ultimate stress. 
In some of the diagrams, it was possible to estab- 
lish complete curves for both the first and second 
ultimate stresses. The relation between these 


DEG F -300 -200 Oo 200 -300 -200 Oo 200 





PLAIN WITH TITANIUM AND 
EBN, SEVERELY COLD DRAWN ALUMINUM, EH-A-10, 
x YIELO STRES PRECIPITATION - HARDENED 
r FIRST LTIMATE STRESS 
MINIMUM IN LOAD-STRAIN CURVE.| @ TRUE FRACTURE STRESS 
‘ t 8 UNCORRECTED FRACTURE STRESS 
it- LOCUS OF FRACTURES 











300 200 30 
QO 100 -200 -100 
TEMPERATURE 


| 


Variation of the strength of Hain 18:8 
g / 


im-nickel steels with te mperature. 


H (THOUSANDS) 


temperature were determined by means of 
sverse measurements during the tension tests. 


ow temperatures, the vield stresses were de- 


PER SOQ IN¢ 


ermined by means of the automatic load-extension 


LB 


vrams. Beeause of the indefiniteness of the 


Ss. 





(stress of the metastable austenitic alloys, the 
es obtained from the automatic diagrams are 


STRE 


nN approximately correct. 
\s shown in figures 9, 10, 12, 13, and 14, the in- 
ise in the yield stress with decrease in tempera- 
s less rapid than the increase of any other 
‘ except the first ultimate stress. As would 
xpected, however, the greater the amount of 





plastic deformation, the less do the indices 








to plastic deformation diverge with 
» . 500 
rease in temperature. After severe prior plas- 

. QO 100 -200 “10C 200 
elormation, the curves for the first and second TEMPERATURE 


hate stresses nearly coincide, as shown in the Ficure 11. Variation of the strength of 18:8 chromium- 


alloy KBN in figure 11. nickel steels with temperature 
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Fiaure 12. Variation of the strength of 18:8 chromium- 


nickel steels containing titanium with temperature. 


curves is illustrated in the diagram for the moder- 
ately cold-drawn alloy ECM at the right of figure 
12. This diagram should be compared with the 
nominal-stress curves obtained with the same 
alloy (fig. 3). Only one ultimate-stress value was 
obtained at room temperature, but two ultimate 
stresses were obtained at —78° C and at —188° C. 
Between room temperature and —78° C, there- 
fore, the ultimate-stress curve branches as indi- 
cated in figure 12. Branching curves are shown 
also in the diagram at the right of figure 14 and in 
the diagram obtained with the moderately cold- 
drawn plain alloy EBM (fig. 10). 

A similar branching of curves designated U’ and 
(”’ is shown in the diagram at the left of figure 10. 
Curve U’ in this diagram, however, is based partly 
on the small triangle representing the nominal 
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stress at the point of reversal of the (oad-c 
curve obtained at —78° C. As illustrs ted by 
corresponding curve in figure 1, the non inal-c 
approached a maximum, but rapid precipita; 
hardening caused a reversal of curvat hefo 
maximum was attained. The point rey 
of curvature (RE) evidently was very |i‘ tle |) 
than the maximum that would have been atty 
in the absence of the rapid phase change. (‘» 
quently, use has been made of the nominal s 
represented by point RE in establishing cury 
in figure 10 to represent as nearly as poss 

direct influence of temperature on thy streng 
of the annealed metal. A similar method has 

used in deriving curve Ul’ in the diagram at 
left of figure 13. 
nificance could be based on the two small tria 


A curve of similar form an 
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re 14. Variation of the strength of 18:8 chromium- 


steels containing molybde num with te m pe rature. 


the diagram for the annealed alloy, at the left 

i figure 12 
Only the nearly straight part of curve LU’, how- 
r, represents approximately the direct effect of 
emperature on the strength of the metal. The 
ward bulge of the curve in a diagram for 
uwaled metal or for moderately cold-drawn 
netal (figs. 10, 12, 13, and 14) is due to the super- 
uiposed effect of temperature on the strain neces- 
wry for the load to reach a maximum. As shown 
i the diagram for the annealed plain alloy EB-19 
ig 1), the strain necessary for the load to reach 
aximum was much greater at room tempera- 
than at low temperatures. This diagram 
hould be compared with curve U in the diagram 
the left of figure 10. A similar relationship is 
‘vealed by a comparison of the diagram at the 


Nect of Low Temperature on 18:8 Cr-Ni Steel 





right of figure 3 with curve LU’ in the diagram at 
the right of figure 12, and by a comparison of the 
diagram at the left of figure 7 with curve U in the 
diagram at the right of figure 14. The upward 
bulge in curve U’ in diagrams for annealed alloys 
or for moderately cold-drawn alloys, therefore, is 
due to hardening of the metal during the relatively 
great plastic deformation necessary for the load 
to reach a maximum, 

When the prior cold-work has been severe, the 
strain necessary for the load to reach a maximum 
is about as small at room temperature as at low 
temperatures. Illustrations of this relationship 
are shown in figure 2 and in the diagram at the 
left of figure 3.° As the plastic strain at the first 
maximum load was small at room temperature 
and at low temperatures, the corresponding curves 
in figures 10, 11, and 13 are practically free from 
effects of variable plastic deformation. Unlike 
the curves obtained with the less severely cold- 
worked alloys or with the annealed alloys, these 
curves rise continuously with decrease in temper- 
ature. If yvield-stress curves were drawn in these 
figures, their slopes would differ little from the 
slopes of curves Ul’ and from the slopes of the 
nearly straight parts of the curves Ll’ obtained 
with the softer alloys. These slopes represent 
approximately the direct effect of temperature on 
the strength of the 18:8 chromium-nickel steels. 

All the curves of the variation of the second 
ultimate stress with temperature are affected by 
the phase changes induced by plastic deformation. 
In the absence of the rapid phase changes at low 
temperatures there would be no second ultimate 
stress. The divergence of curves Ul’ and LU’ is 
greatest for the annealed metals, and decreases 
with increase in the amount of prior cold-work. 
The influence of the rapid phase change at low 
temperatures is revealed most prominently by the 
steep rise of the curves representing the influence 
of temperature on the true stress at the second 
maximum and on the fracture stress. The course 
of each of these curves, however, indicates that 
with decrease in temperature below that of liquid 
air the influence of temperature on these strength 
indices gradually decreases. 


6 Comparison of ultimate stresses shows that the prior cold-work was more 
severe for these three alloys and for alloy EEN (fig. 13) than for any of the 
other alloys used in the investigation 





VII. Variation of Strength of 18:8 
Chromium-Nickel Steel and of Some 
Other Metals Between Room Temper- 
ature and —252.8° C 


The only extensive investigation of the mechani- 
cal properties of metals at the temperature of 
liquid hydrogen was by DeHaas and Hadfield [4]. 
Steels of many different compositions and a few 
nonferrous metals were included in their investiga- 
tion. Only two chromium-nickel stainless steels 
were used. One was an 18:8 chromium-nickel 
steel; the other was a stable austenitic steel con- 
taining 14.4 percent of chromium and 59.3 percent 
of nickel. 


ductility values were determined at room tem- 


Yield stresses, ultimate stresses, and 


perature and at the temperature of liquid hydro- 
gen, but fracture stresses were not determined. 

In figure 15, results obtained by DeHaas and 
252.8° C 
are compared with results obtained at the National 


Hadfield at room temperature and at 


Bureau of Standards within the range between 
room temperature and —188° C. The diagram 
shows results obtained by DeHaas and Hadfield 
with monel metal, electrolytic copper, the 18:8 
alloy, and the stable austenitic chromium-nickel 
steel. For comparison, curves obtained with 
monel metal and oxygen-free copper have been 
reproduced from a paper by McAdam and Mebs 
[6], and two curves obtained with the annealed 
plain 18:8 alloy A-19 have been reproduced from 
figure 9. With the exception of the fracture- 


stresses derived from figure 9, only ultimate 
stresses are represented in figure 15. 

With the 18:8 chromium-nickel steel and the 
stable austenitic DeHaas and Hadfield, 
obtained almost identical results at room tempera- 
At —252.8° C 


of the 18:8 alloy was about 50 percent greater than 


steel, 


ture. . however, the ultimate stress 


that of the stable austenitic alloy. The strength 
index reported for the 18:8 alloy at this tempera- 
ture undoubtedly is the second ultimate stress. 
The ultimate-stress curve obtained with the 18:8 
alloy LA-19 has been prolonged with little change 
of curvature, so as to pass through the point repre- 
senting the result obtained by DeHaas and Had- 
field with an alloy of the same type. 

Moreover, the fracture-stress curve obtained 
with alloy LA-19 has been prolonged with little 
curvature, so that an 


change of approximate 


estimate may be made of the probable breaking 
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with temperature 


stress of this alloy at the temperature of ly 
hydrogen. The value thus obtained ts of 
same order as the breaking stresses of som 
the 18:8 alloys in liquid air (figs. 10, 11, 15 
14 

As shown in previous papers |6, 8, "|, al 





illustrated in figure 15 by the curves for monet ot 
metal G-14 and copper N-8, the variation ol | 
strength indices for many nonferrous metals olggpeu 
this temperature scale is nearly linear bets 

room temperature and iss° C. The res 

reported by DeHaas and Hadfield, howev: 
cate that the linear relationship does not contin * 
between the temperatures of liquid air and | 
hydrogen. Although some of the reported 
mate stresses at the temperature of liquid hyd 
may be too low, the evidence indicates 
curves for the nonferrous metals and the s! 
austenitic alloy differ greatly in slop: 


Journal of Research 








The evidence 


wyrve obtained with the 18:8 alloy. 
yiso indicates that the great difference in st rength 
of these chromium-nickel alloys at the temperature 


r is due to a difference in the stability 
enite. The austenite in the alloy con- 
} percent of chromium and 59.3 percent 
evidently retains its stability during 
formation at the temperature of liquid 


ol liquid 
of the a 
taining 14 
ol nit ke 
plastic a 
hydrogen 
If curves to represent the variation of the first 
yitimate stress of the metastable austenitic alloys 
with temperature were included in figure 15, the 
slope between room temperature and —188° C 
would differ little from the slopes of the curves 
btained with monel metal and copper, and from 


( 


the probable slope of a curve obtained with the 


stable austenit ic steel. 


The slopes of these curves 
represent approximately the direct effect of tem- 
perature on the strength of the metals. The 
ference between these slopes and the slope of 
the curves for the 18:8 alloy is due to the super- 
mposed effect of the variation in the amount of 
hase-change with temperature. This variation 
comes less with decrease in temperature as the 
oportion of untransformed austenite remaining 
miter deformation of the specimen in the tensile 
st becomes less as the temperature is lowered. 
\s the temperature approaches that of liquid air, 
possibly all or nearly all of the austenite is trans- 
formed to ferrite by the plastic deformation. 


-» 


Vill Influence of Notches on Mechanical 
Properties 


Figure 16 shows the results of a brief investiga- 
of the 
es of 18:8 alloys throughout a range between 


-188°C. The alloys used 


influence of notches on the strength 


m temperature and - 
iobtaining these two diagrams are the same that 
vere used in obtaining the diagram at the left of 
cure ll and the diagram at the right of figure 12. 
‘le curves representing results obtained with un- 
ched specimens are the same in figure 16 as in 
corresponding diagrams of figures 11 and 12. 
\ slight distinetion between the first and second 
timate stresses could be observed in some speci- 
us with 150 


wuld be made when the angle was smaller. 


notch angle, but no distinction 


Even when the angle was 50°, however, the 


sic strain necessary for the load to reach a 


lect of Low Temperature on 18:8 Cr-Ni Steel 
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FIGURE 16. Combined influences of notches and low 


temperatures on the tensile properties of 18:8 chromium- 


nickel steel. 
maximum at low was more than 
that for an unnotched specimen at the first maxi- 
mum. Although the ductility decreased with de- 


crease in the notch angle and with decrease in tem- 


temperatures 


perature, the combined influence of these two vari- 
ables on the ductility was less for the 18:8 alloys 
At —188° C, the strain 
specimen was about 26 per- 


than for pearlitic steels. 
at fracture of a 50 
cent (Ap/A= 1.26 

of this specimen at — 188° C 


Moreover, the breaking stress 
was high, although 
the specimen fractured before the tensile load 
reached a maximum. These unusual properties 
suggest that the ultimate stresses of the notched 
by the 
This 


phase change evidently contributes to the tough- 


specimens were appreciably increased 
phase change during plastic deformation. 


ness of both notched and unnotched specimens. 


391 








Acknowledgment is made to D. H. Woodard, (10) D. J. MeAdam, Jr., G. W. Geil, and 
W. D. Jenkins, Fannie Wilkinson, and Lavaria \m. Inst. Mining Met. Engrs., Tee! 
Metals Technology, (August 1947 
E : ; [11] D. J. MeAdam, Jr., G. W. Geil, and W 
and the preparation of the illustrations Proc. Am. Soc. Testing Materials 47, 5 
[12] D. J. MeAdam, Jr., G. W. Geil, and } 
IX. References Cromwell, Am. Inst. Mining Met. | 
R. H. Aborn and E. C. Bain. Trans. Am. Soc. Steel Pub 2296, Metals Technology Jan. 19 
Treating 18, 837 (1930 [13] N. B. Pilling, Proce. Am. Soc. Testing M 
g 18,8: 930). Page oo 
J. B. Austin and O. 8. Miller, Trans. Am. Soc. Metals ge 30, 278 1990 = 
28, 743 (Sept. 1940 [14] L. B. Pfeil and D. G. Jones, J. Iron St 
|] E. W. Colbeck, W. E. MacGillivray, and W. R. D. _No. , 337 ISSs) ee ee: 
Manning, Trans. Inst. Chem. Engrs. 11, 89 (1933). (15) C. B. Post and W. 8. Eberly, Trans. Am. So 
2 (1047 
W. J. DeHaas and Sir Robert Hadfield, Phil. Trans. a 38, 868 (1947). ; 
tov. Soe | \] 232, 297 (1933 to 1934). [16] S. J. Rosenberg, NBS J. Research 25, 673 


9] V. N. Krivobok and R. A. Lincoln, Trans. Am. Soe. 1347. ; ; 
Metals 25. 637 (1937 [17] R. Smith, Fk. H. Wyeke, and W. W. Gorr, Ar 
D. J. MeAdam, Jr. and R. W. Mebs, Am. Soc. Testing Mining Met. Engrs., Tech. Pub. 2006, M 
Materials 43, 661 (1944). 
D. J. MeAdam, Jr., R. W. Mebs, and G. W. Geil, 
Proc. Am. Soc. Testing Materials 44, 593 (1944). 
D. J. MeAdam, Jr., G. W. Geil, and R. W. Mebs, 
Proc. Am. Soc. Testing Materials 45, 448 (1945). 
D. J. MeAdam, Jr... G. W. Geil, and R. W. Mebs, 
Trans, Am. Soc. Metals 37, 497 (1946). WASHINGTON, January 2, 1948. 


Weinrich for general assistance in the experiments 


Technology (June 1946): Trans. Am. | 
Met. Engrs. 167, 313 (1946). 

[18] E. E. Thum, The book of stainless steels (A) 
Metals, Cleveland, Ohio, 1935). 

[19] H. H. Uhlig, Trans. Am. Soc. Metals 30, 947 


Journal of Research 





tment of Commerce 
ureau of Standards 


_S. Der 


National 


Research Paper RP1883 
Volume 40, May 1948 


Part of the Journal of Research of the National Bureau of Standards 





Absorption of X-Rays in Air 
By Frank H. Day and Lauriston S. Taylor 


Studies have been undertaken to determine the absorption in air of X-rays produced 


by voltages from 10 to 200 kv (constant potential) for various initial filtrations. 


\ free-air 


ionization chamber on tracks is used to obtain absorption data over a 150-cm distance. 


No appreciable change in quality of X-rays is observed in this distance because of the air 


absorption. 


Hence, for short distances, effective air absorption coefficients for heterogeneous 


X-rays of various qualities have been determined. 


I. Introduction 
The use, in recent. years, of beryllium-window 
‘ray tubes with their high-intensity outputs of 
oft X-rays has developed a need for air-absorption 
orrections Where distance is a factor in X-ray 


xposure measurements. Such, for example, is the 


se Where the inverse-square law is used in 
mputing the exposure at a point when the 
wtual measurement is of necessity made at some 
her point There is also need for corrections to be 
lied to the free-air type of ionization chamber 
to air absorption between the limiting dia- 
hragem of the chamber and the front edge of the 
ector plates. Since the exposure rate is specified 
» the plane of the limiting diaphragm, air-absorp- 
nalong the path between the diaphragm and the 
ector plate results in the readings of the 
hamber being too low. This distance in the case 
the guarded-field free-air standard for calibra- 
us up to 200 kv at the Bureau of Standards is 
em, and for unfiltered radiations produced at, 
1) kv, the necessary corrections may be 
siderable. 


II. Apparatus and Experimental 
Procedure 


\ diagram of the experimental arrangement is 
HOWn In where a free-air- 
wd-plate ionization chamber is indicated. The 
ening in its lead shield is 10 em in diameter. 


figure 1, mobile, 


lis opening is adequate to accommodate, at any 
iit along the track, the total area of X-rays 
elermined by the fixed, limiting diaphragm, the 
ameter of which is 1.75 em. The effective width 


sorption of X-Rays in Air 


of the collector plates is 10.2 em, and the diameter 
of the beam with the chamber in its farthest 
position from the tube (position B, fig. 1) is 6.5 em. 
The interelectrode separation is a fixed distance 
of 12.7 em, and this is insufficient spacing to 
allow for the production and collection of all 
secondary electrons associated with a primary 
beam 6.5 cm in diameter. Hence, there is a slight 
loss of ionization, which earlier studies show does 
not exceed 1 or 2 percent.'. No correction has been 
applied for this loss. 

The charge collected in the ionization chamber 
at various points along the track is measured with 
a capacity compensator and string electrometer ? 
with an accuracy of +1 percent. The exposure 
of the chamber is controlled by a timer operating 
a ‘s-in. lead shutter. The timer is actuated by 
an accurately controlled 60-cycle signal from the 
Radio Section of the Bureau of Standards. 

Tungsten-target X-ray tubes with low inherent 
filtration are used in conjunction with various 
types and thicknesses of initial filtration. The 
term “‘initial filtration,” 
filters of aluminum, copper, or lead introduced 
between the X-ray tube and the column of air 
over which air-absorption measurements are made. 


as here used, refers to 


The window thickness of the cerium glass in one 
X-ray tube used is 1.29 mm and of the beryllium 
in another tube, 1.5 mm. 

Power supplied to the X-ray tube is furnished 
by a kenotron rectifier with a resistance-capaci- 
tance filter incorporated to reduce the ripple to 


Lauriston 8. Taylor, George Singer, and A. L, Charlton, Am. J. Roent 
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0.05 percent per milliampere current drain. The 
tube currents used are not in excess of 10 ma. 

The voltage input to the rectifier units is con- 
stant to 0.25 percent or better, the 208-volt com- 
fed 
The voltage to the rectifier units is 
It is 
estimated that the absolute direct-current voltage 


‘ 
< 


mercial supply being through a voltage 


stabilizer 
then varied by induction regulator control. 
applied to the X-ray tubes is known to an accuracy 
of 1 or 2 percent 

The of the X-ray tubes is 
stabilized by an electronic voltage stabilizer in the 


filament voltage 


ground circuit feeding through an insulating 


transformer. The output of the stabilizer is also 
manually controlled by an adjustable-ratio auto- 
transformer to reduce long-period fluctuations. 

In view of the above-described stabilization, the 
variation in quantity of X-ray output over a 
period of exposure of 10 seconds or more is not 
greater than 0.5 percent. This is also verified from 
previous experience on fluctuations in X-ray out- 
of this 
Bureau's standard chamber for measurements up 


to 200 kv. 


put equipment, determined by the 


as 


III. Observations and Calculations 


Under steady operating conditions of the X-ray 
tube, the ionization chamber is exposed for a given 
number of milliampere-seconds at successive points 
along the track. The ratio of the ionization cur- 


rents measured at two points along the track is a 
measure of the air absorption between these points, 


inasmuch as the total flux passing through the 
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150 CM 
— POSITION (8) 
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ae 


TO 
ELECTROMETER 


ment for absorption measurements 


chal 
except for the part lost by air absorption 
the 
Filters of a 
num, copper, or lead are then interposed 


limiting diaphragm is measured by thy 
Measurements are first made, using 
in its minimum-filter condition 


beam up to the point where the beam is rv 
sufficiently homogeneous, so that further add 
of filters will not lower the air-absorption coef 
This il] 


the semilogarithmic plots of X 


an appreciable amount. 
9 


by Is Is 


by 


hig 
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AIR ABSORPTION DISTANCE CENTIMETER 


Fictre 2. Effect of aluminum filtration or 


ber 


inherent filtration 1.5 mm Be. 


50-kv yllium- 


with 


ot Y-rays produced hy 


fiche 
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a function of the length of the ab- monochromatic, it is permissible to prepare tables 


path for the 50 kv X rays from the 
ndow tube. Here it is observed 
ns in excess of 2 mm of aluminum will 
Similarly, be applied over short distances. 

Tables 1, 2, and 3 give effective linear absorp- 
for air, where w is used 


of linear absorption coefficients involving a single 


term * for air under normal atmospheric conditions, 
(760 mm of mercury pressure and 22° C), these to 


affect the air absorption.’ 
that for any voltage up to 200 kv, 
f6 mm of Al, 0.2 mm of Cu, or 0.1 mm tion coefficients, u (em 
ifficient for the attainment of a prac- in the formula, /x=/Je~**, Zy being the intensity 
imit to the air absorption. at a distance ._Y em beyond the point where the 
with X rays of 200 ky original intensity, J), is measured. The X-ray 
beam is here considered to be parallel. 


owt 
to voltages as low as transmission through 
illow. Minimum-filter conditions allow 


is on X rays as low as 7.5 kv trom a _ ; 
: rasBie |. Linear absorption Cor ficients for X-rays of air 
with beryllium- 


idies are made 


window tube. Even these 7.5-kv X rays under atmospheric conditions obtained 
eat change in quality due to absorption window X-ray tube 


tself over the distance of observation, 


ai 


ated by a near straight-line semilogarithmic 


Absorption coeflicient (a 


3 Since the beam is effectively 
: tage Added filtration 
Minimun 

filtration 


Data in these tables are derived by calculating 
u for air between 119 em and 269 em from the 
tube target. Errors due to change in quality of 
the X-rays will be involved in applving these data 
to determine intensities at great distances ® from 
the target, and, also, at distances a few centimeters 
from the target. However, within the range of 
3 m from the target, these 





approximately 1 to 
coefficients may be applied with little error. 








AIR ABSORPTION DISTANC ( CENTIMETER ie eee Se : ants ’ 
vo Uh sragimabicd: For ready reference, some air absorption cor- 


1 -rays roduced b . 7 
X-rays produced by rection factors have been prepared and are shown 


lir absorption of 7.5-kt 


ndow tube with inherent filtration 1.5 mn 
‘ To accurately specify the absorption of a heterogeneous beam, it 


sary to employ an expression that the sum of exponential terms 


Itration Was not observed at this voltage because of lifferent absorption coefficient 
s here used, refers to the absorption by a sufficient 


At 100 kv, however CGireat distances i 
f the original beam by several half, 


e which would be necessary 
en the 2-mm and the 6-mm curves is approximately quantity of air to reduce the intensity 
ence would not be greater than this in the case of 50-ky value layers. However, reductions of the order of only one half-value laver, 
would render the beam more homo- such as observed in this experiment (fig. 2), show very little quality de 
dence 


amount of filter 
iM per 
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Taste 2. Linear absorption coefficients for X rays of air under atmospheric conditions obtained with be wy 
X-ray tube 
Absorption coefficient (a bst 
Voltage Added filtration 
Minimum 
filtration 
0.05mm Al 02mm Al 05mm Al 1.0mm Al 2.0 mm Al 4.0 mn 

at cm cm cm cm cm cm cm 
7.4 2). 5x10 
0 12.9 9. 7x10 8. 3x10-% 
15 7.8 
» 6.9 3 3.9 2. 5x10 
wu 6.1 iv 3.3 1.8 0. 9x10-3 0. 8x10 
“ u is 0 l 7 t 
“ 58 46 28 14 7 ' 0. Sxl 
rT 5. 6 4.5 2.7 1.3 7 t 
70 5 44 26 1.2 7 
™) ; 4.3 2.4 3 6 
a) 2 4.2 24 im th ‘ 
100 5.1 4.1 23 0.9 6 ‘ 

Minimum filtration 5mm of beryllium plus 119 em of air 


TABLE 3 Linear absorption coe ficients for 


X rays of air under atmos phere conditions obtained wit! 


/ 


glass-window X-ray tube 


Voltas 
Minimum 
filtration 
Oo 
n 
ms] é 10 
/ Jf | 
" 2.2 1 
4 2.1 l 
ta , i 
70 19 
~ 18 
“ 1.8 
om 1.7 
ti 16 
a 
M um f 2) mi f cerium glass plus 119 em of 
in figures 4, 5,6, and 7. For a parallel beam, the 


air absorption correction factor, C, is taken to be, 


by 


C 
I, 


In the case of a diverging beam, it may be defined 


is, 


where I, and } are the intensities measured by 
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mm 


cm 


Absorption coefficient (a 
Added filtration 
Al 1.0mm Al 2.0mm Al 4.0mm Al 6.01 
cm cm Uy 
09x os 0 
8 ( 
? ‘ 0 ‘ 0.4 f 
‘ { 
} 
7 ‘ | 
( 4 | 
' 
‘ 4 j | 
| 
‘ { 4 | 
t ‘ i ' 
} 
r ‘ i 
r-meter® at distances Y, and V+ NX) ¢1 


tively, from the tube target. 
be 


lating intensities at various points, wh 


The correction factor, C, may Is 
chamber ° measurement is made at one pot! 
Its application in field use is to dé 
intensity at one position by air ionization | 
ment, calculate by inverse-square law 
to be expected at some distance fart! 


S70- 1382 


‘John A. Victoreen, Medical physics, p. | 
Iil., 1944 


lishers, Inc., Chicago 


bso; 
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m- irce, If were operating alone as a reducing at some point closer to the source than the ioniza- 





























ter: tl multiply this intensity by the air tion measurement is made, the reciprocal of the 
porption correction factor to determine the true air absorption correction factor will be used as 
opsity. If the intensity is to be determined the multiplving factor. 
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In cases where the vyraphs do not cover the 
conditions desired, the air absorption correction 
factor may be calculated, using the absorption 


coeflicients given in tables 1, 2, and 3, and the 


equation, C=-e"“" 


As an example of this calcula- 
tion, table 3 indicates that » for 40 kv with 1.0 
mm Al of added filtration is 0.8x10~° em='. C is 
then defined for arbitrary values of .Y bevond 119 
em from the tube target. It is convenient to 


arrange the work in tabular form, as follows 


\ uN e~#x 
25 0. 02 0. OS 
50 O4 6 
100 OS 92 
150 12 SY 
200 16 S5 


3¢8 








IV. Free-Air Chamber Versus Thimble 
Chamber Air-Absorption Data 


That 
with the free-air chamber are applica) 


the air absorption factors deter 
thimble chamber use is indicated by refere 
table 4. 
removed and a 25-r thimble chamber is py 


In this case, the limiting diaphray, | 
at the midpoint of the collector plates of th 
air chamber, the latter chamber being her 
only as a vehicle for transport of the ¢) 
chamber. Data obtained are at 90 ky wi 
filtration other than 1.29 mm of cerium glass 
tube window thickness. 


TABLE 4 
\ 


Com parison of au absorption 
-rays obtained by thimble ionization char 
obtained by free-air ionization chambe 


filter condition (1.29 mm of cerium glass 





Phim 
Distance, X Intensity, as iter 
, easured by \vareier 
’ ‘i +) ble mited 
al tior ham her i 
er 
100 1M 
2 iH49 ’ 
”) 4.9 r 
32.5 SH4 
“ 24 x 
12 Is. v 4 
1M 15.¢ ‘ 
Y he ionization chamber travel distance, the 
119. em from the X-ra ube target 
his ineluce nverse-square reductior 
iir absorption reductior 
The observed thimble chamber intensity times i> JX 
tensity indicating the air absorption reduction o1 


These data show reductions in intensity 


both to the inverse-square law and to air abs 
The target-to-thimble-cha 
distance used is 119 em. Multiplication 0 
thimble chamber 119+ A 

X is the thimble-chamber travel dist 
vields data indicating air absorption on!) 

data obtained in this manner with the th 


tion. minimum 


readings by 
where 


chamber agree within a percent with thos 
the free-air chamber as described in sectio! 
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ase of soft X-rays, thimble-chamber 


nt of the ratio of intensities between 


may be made without appreciable 
ise there is no significant selective ab- 
the soft components of the X-rays in 
the amounts of air considered. The 
of thimble chambers for soft X-rays, 
ill be in error, the readings being less 
for hard X-rays, because there is 
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appreciable absorption of the soft rays im the 
thimble chamber wall. The subject of such cali- 
brations for soft X-rays will be discussed in another 
paper now in preparation, 


The authors thank John H. Baltrukonis for 
obtaining much of the data reported above. 


WaAsHINGTON, September 15, 1947. 
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Location of the Galvanometer Branch for Maximum 
Sensitivity of the Wheatstone Bridge 


By F. Ralph Kotter 


The battery and galvanometer connections to a Wheatstone bridge may be interchanged 


without altering the condition for balance. 


One of the combinations will give a higher 


sensitivity than the other, but the calculation of the better arrangement is often somewhat 


tedious 


This paper presents a ‘“‘rule-of-thumb” method of determining the better arrange- 


ment, which requires only a knowledge of the resistance of the bridge arms and the value of 


the external critical damping resistance of the galvanometer 


The battery and galvanometer connections to 
Wheatstone bridge may be interchanged with- 
ot affecting the condition of balance of the bridge. 
Que of the arrangements will usually be more 
sensitive than the other. 
The question of which connection would give the 
cher sensitivity was investigated by Maxwell.’ 
lis conclusions, Which have formed the basis for 
nost subsequent treatments of the subject, were 
based on the assumption that the battery would 
the limiting factor in the sensitivity, whereas 
y batteries that will supply more energy than 
he dissipated as heat in the bridge arms are 


versally available. Wenner? has recently dis- 


eissed the problem of the connection of the gal- 
meter branch under conditions of modern 


ratory practice, considering the limiting power 
bridge arms and assuming that the galva- 
Wometer is always used critically damped or with 
same percentage of critical damping. 
lt has been found that Wenner’s analysis may 
tended to give a simple rule of thumb method 
determining the better position for the gal- 
ometer branch. This method requires only a 
swWledge of the resistances of the bridge arms 
the value of resistance required to produce 
As will be 


to be followed is: 


al damping of the galvanometer. 
le! thy proved, the rule 
A treatise on electricity and magnetism 1, 400 (1873 


Research N BS 24, 229 (1940) RP1323 


hat this rule is valid was suggested to the author by J. I 


reau. A similar but less precise rule is given by H. B 
tion titled, Measurements and measuring apparatus, of 
Mar’s Electrical engineer's handbook 4, section_5, p 

& Sons, Inc., New York, N. Y., 1936 


Pest Location of Galvanometer 


is ” 


Caleulate the resistance of the bridge between each 
pair of opposite branch points with galvanometer 
and battery circuits open. Compute the ratio or the 
reciprocal ratio, whichever is less than un ity, of each 
of these “bridge resistances” to the external critical 
damping resistance of the galvanometer. Connect 
the galranometer to the pair of branch points for 


which the ratio is nearer unity. 


The rule given above assumes (1) that the 
galvanometer is to be used with critical damping, 
(2) that the limitation on the maximum power is 
the same for each arm of the bridge, and (3) that 
the voltage applied to the bridge is sufficient to 
dissipate this amount of power in one arm and 
no greater amount in any arm of the bridge. Under 
these conditions the rule is perfectly general, 
applying to all values of bridge ratios, bridge arm 
resistances, and galvanometer external critical 
damping resistances. 

Perhaps more frequently than not, it is desirable 
to use the galvanometer slightly underdamped. 
In that event the above rule applies if the required 
calculations are made using the value of external 
damping resistance that has been found desirable 
rather than the critical damping resistance. 

Proof. The validity of the rule stated above 
will be established by determining, for all possible 
values of the galvanometer external critical damp- 
ing resistance, the relative sensitivities and relative 
values of the ratios of bridge resistances to damp- 
ing resistance for the two possible locations of the 
galvanometer branch in a Wheatstone’ bridge. 
Subject to the conditions of balance, the ratios 
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and the resistances of the bridge arms may have 
any desired values. nR 
There is no loss in generality in assuming the L 
bridge arms to have the values shown in figure | 
and requirmg that »>p21. (The case of n=p 
is trivial, since the bridges (a) and (6) are then A 
identical pR npR 
The bridge resistances across the galvanometer 


for the two cases are 











———_ - - 


(a) 
Figure 1 Alternate connections of battery and 


in the Wheatstone bridge 


It may be readily shown that HW,>W, for all : 
the variation of bridge sensitivity with 


values of » and p subject to the condition 7 >p2 | 
nometer external critical damping resistanc: 
VW ) the galvanometer is connected as shown in 
W (1+n)? figure 1. Curve “bridge 6” of figure 
- corresponding curve of sensitivity when | 
Let n=p+q, (q>0 Phen nection is that of (6) in figure 1. It is ther 


necessary to carry out the proof in the 


W, p> 2p Pap 2pq + q 
W Pp’ 2p Pd + p> 2pq + q(p pq 


four cases: 
Case 1, Vsi 
As g>0 and p21, the denominator is larger Let V represent the critical external dat 
than the numerator and W,>W,. resistance for the galvanometer and consid 
The sensitivities and resistance ratios to be V<W,. The ratios to be compared are VU 
compared are continuous functions of the galva- V/W,. 
nometer critical damping resistance; however, the It has already been shown that W,>1 
functions are each two joined straight lines, with fore 
different slopes for the two parts. This is illus- 
trated in figure 2, where curve “bridge a” shows 
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Ficure 2. Variation of bridge sensitivity with galvanometer external critical damping resistance 
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Vs ypnR: 
sider W,<. Vs yprR. 
are W,/V and V/W,. 


one ratio by the other and using eq. | 


W/V pnR? 
wwe Ve 

tio is equal to unity for V=ypnR and 

than unity for all values of V less than 


Therefore, 


_ fe ' , 
|” ; il, for \ = ypnR. 
Case 3, \pnR<V<W,: 
Now consider ypnR V<W, The ratios to 
compared are again W,/V and V/W,, and eq. 4 


ws that 


W ga 


V, . 
iW". for \ 
‘ WwW 

the range V2 W 
W,/V and W,/V. 
It has already been shown that W, W.., and 


the ratios to be compared 


seque ntly 


It has now been shown that the ratio involving 
and Vis larger than the ratio involving W, and 
or all values of V<_ypn R, that the ratios 
equal for V—= , pr Rand that the ratio involving 
and Vis larger than the one involving W, and 
for V >ypn R. lt remains then to be shown 
| the sensitivity of bridge a is greater than that 
ridge 6 for iv 

eq ial for V 
s greater than a for V 


vpn R, that the sensitivities 
ypn R, and that the sensitivity 
>ypn R, 
Since the power is greatest in the n# arm of the 
lve of figure 1 a the resistance of this arm 
wses the limitation on the voltage that may 
ipplied to the bridge and Wenner’s equation 
the bridge sensitivity,’ S,, may be written 


R Vv 


2DE ur R- nk? Ww, 


¢ //is the voltage sensitivity of the galvanom- 
le divisions per unit electromotive force 
resistance in series with the galvanome- 


Research N BS 25, 238 (1940) RP1323 


Best Location of Galvanometer 


The ratios to be 


ter is V; £2 is the maximum permissible potential 
drop in rR; and the other symbols have the mean- 
ings previously given them. 


As is shown by Wenner, when the ratio V/V 


, is 
less than or equal to unity its actual value is to 
be used in the equation for sensitivity; however, 
when the ratio VW, is greater than unity, it is 
This 


assumes, as stated above, that the galvanomete: 


to be replaced by unity in the equation. 


damping is always adjusted to the same value 
either by series or parallel resistance as required 

Expressed in terms of the permissible power, 
Pie, in the rR arm, the equation may be written 


Sa 2D, Pir wR \R _" . W 


For the bridge in figure 1, b, the limitation 
imposed by the pR arm, and in terms of the per 
' 


missible power in it (2?,g) the sensitivity may 


written 


R V 
R-+-pR | 


2D, ra RV pRX 


As it is assumed that the power limitations 2: 
the same for all arms of the bridge, P,,=T,, 
and eq 8 and 9 may be rewritten 


vrR_V 


SK XW 


ph \ J 


S, x; 
For values of Vo equal to or less than W,, the 
ratio V W, Is equal to or less than unity, Wii 
is less than unity, and the actual values are to bi 
used in eq 10 and 11. 
Then for VSW,, 
from eq 1 and_2, 


using values of W, and W 
KV 
: ynRO ! p)’ 
KV 
yPRA , n)’ 


So pU+n) 
S, \ n(l- Pp) 


The quantity under the radical has already been 
shown to be greater than unity; therefore, 


S,>S, for Vs W,. (12 
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For V= ,pnkR, V/W, is greater than unity, but for any value of V between W, and ypn 2, 8. fy 
1/W’, is less than unity, and the sensitivities are, constant and equal to KynR/1+-n. Therefor Nc 


from eq 10 and 11: 
S.>S, for W.< V: ypn R. 


S K \ nkR | 
rn ie , For values of V greater than ypn R, S, will pi 
; greater than AynR/1-+n, while S, remains cop. 
Pp » R , al 
@ an i 3 hi v4 eo : l+p)=K — stant at KynR/1+n. Therefore, S 
p*~pR(ii+n) l+n 
That i S,>S, for V> pn R, : 5 
iat is, 
’ >. Baa OP > (12 : 
S,=S, for V== vpn R. 13) completing the proof. 
Now it is evident that for any value of V less 
than , pn R,S, will be less than Ky 2R/1-+-n, while WasHINGTON, January 2, 1948 
H 


404 Journal of Research i Di 











S, is U.S. De artment of Commerce Research Paper RP1885 
for: Natione Bureau of Standards Volume 40, May 1948 
Part of the Journal of Research of the National Bureau of Standards 
will be 


““BSecond Dissociation Constant of Oxalic Acid from O° to 
50° C, and the pH of Certain Oxalate Buffer Solutions 


By Gladys D. Pinching and Roger G. Bates 


The second dissociation constant of oxalic acid was determined at intervals of 5 degrees 
from 0° to 50° C by measurement of the electromotive force of cells without liquid junction. 
Hydrogen and silver-silver-chloride electrodes were employed. The solutions were composed 
of potassium binoxalate, sodium oxalate, and sodium chloride. The value of the second dis- 


sociation constant, A», in the temperature range studied is given by the equation 


—log K,= 1 =— 6.5007 +-0.020095 7, 


where 7 is the absolute temperature. The thermodynamic quantities associated with the 


second dissociation step were calculated. The paH values of 8 solutions of potassium binoxa- 


late and sodium oxalate in the ratio 1:5 were determined at 11 temperatures. 


I. Introduction 


\s fixed points of reference on a standard scale 
pH, it is desirable to have available several 
standard buffer solutions that differ not only in 
H but in chemical character and ionic type. If 
these solutions are all of comparable stability and 
rise to about the same liquid-junction poten- 
ii when brought into contact with a saturated 


ition of potassium chloride, they will serve 
jually well for the calibration of the pH meter 
with glass electrode. For control purposes, how- 
er, some will be preferred on account of a higher 
fer capacity. Others may be unsuitable for 
se with indicators or with the quinhydrone elec- 
‘rode because of specific unfavorable reactions or 
eeause the multivalent anions of which they are 
omposed cause unusually large salt errors. Other 
fer substances may poison the platinum- 
ivdrogen electrode or may undergo catalytic re- 
iction in contact with it. Hence, new standards 
' pH will usually find use. These may even- 
tually be classified, on the basis of comparative 
studies, as either primary or secondary standards. 
In the search for buffer mixtures that might 
partially bridge the gap in pH between acid potas- 
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sium phthalate (pH 3.9 to 4.2 [1] ') and mixtures 
of primary and secondary alkali phosphates (pH 
6.7 to 7.0 [2]), the oxalate system was considered, 
Aqueous mixtures of a primary and a secondary 
alkali oxalate in equal molal amounts have pH 
values near 4. If the same two salts are used in 
the molal ratio of 1:5, however, buffer solutions 
with pH from 4.5 to 4.8 can be obtained. These 
solutions are stable in contact with the platinum 
hydrogen electrode. Furthermore, pure sodium 
oxalate is available as an NBS Standard Sample. 
Although the relatively large concentration of bi- 
valent anions may detract from the usefulness of 
these buffer solutions in some instances, oxalate 
mixtures can often be employed advantageously 
for control and standardization. 

The second dissociation constant of oxalic acid 
at intervals of 5 degrees from 0° to 50° C was 
determined by the method of Harned and Ehlers 
|3] from the electromotive force of cells of the type 


Pt; Hy (g), KHC,O, (m,), NagC,O, (m,) 
NaCl (m;), AgCl (s); Ag. (Cell A) 


1 Figures in brackets indicate the literature references at the end of this 


paper. 
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The changes of free energy, heat content, entropy, 
and heat capacity that occur when the process 


HC.O, =H*+C€,0, (1) 


takes place in the standard state were computed 
from the dissociation constants and their tempera- 
The activity pH values (paH) 
of several buffer solutions composed of potassium 


ture coefficients 


binoxalate and sodium oxalate in the ratio of 1 to 
5 moles were calculated. The activity coefficient 
of chloride ion in the chloride-free buffer solutions 
was evaluated by five different methods, all of 


which were found to vield nearly the same pall 


II. Experimental Procedures and Results 


Oxalic acid, the neutral and acid oxalates of 
sodium and potassium, and potassium tetroxalate 
were compared in an effort to determine which 
were best suited to the preparation of standard 
buffer solutions. Solubility, drying character- 
istics, hygroscopicity, degree of hydration, thermal 
stability, and ease of purification were considered. 
Each of the salts, with the exception of potassium 
tetroxalate, was dried to constant weight at 105° C 
The temperature was then raised in steps of 10 
degrees and constant weight attained at each 
This 


until the increase of 10 degrees in temperature 


temperature procedure was continued 
produced a loss in weight no greater than 0.01 
percent of the weight of the sample, or until the 
substance decomposed. The dried samples were 
then exposed for 24 hours to air of 45-percent 
relative humidity at 25° C. The results of these 
experiments are listed in table 1, together with 
some other properties of these materials 

Potassium tetroxalate dihydrate could not be 
dried to constant weight, and when the tempera- 
ture was raised sufficiently to drive off the water 
of hydration, the component oxalic acid began to 
sublime. Sodium oxalate is considerably less solu- 
tle than potassium oxalate. Nevertheless, sodium 
oxalate was selected because it is less hygroscopic 
and is available in pure form as an NBS Standard 
Sample. Inasmuch as sodium binoxalate could 
not be dried to constant weight, potassium binox- 
alate was chosen as the primary salt used in 
preparing the buffer solutions. 

Reagent-grade potassium binoxalate was puri- 
fied by two reerystallizations from water to which 
a small amount of potassium carbonate had been 
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Tapie 1. Properties of oxalic acid and its 
potassium salts 
Decomposition D ¢ 
Material Hydration Cecnoraceane of temp 
inhvdrous con n\ 
material , 
( ( 
Oxalic acid 2 Hyd ° 
Sodium oxalate Anhydrous a i4 105 
Potassium oxalate Hy 370 (wae.) [5] Os 
Sedium — binoxa H.L,O 210 to 220 [4 
late 
Potassium bin Anhydrous wo 4 u 
oxalate 
Exposed for 24 hr to air having 45-percent relative hun 


Sublimes 


Does not come to constant weight 


added [6] 
gave a mean of 100.03 percent, with an aver 


Seven weight titrations of the pro: 
departure from the mean of 0.03 percent. Phenol- 
phthalein was used as indicator, and the endpo 
was established by comparison with a buff 
indicator mixture adjusted to about pH 8.3. T| 
sodium chloride used had been recrystallized fro: 
It was tested {7} and found to cont 


! 


water. 
about 0.002 mole percent of bromide. The 5 
cific conductance of the water used to prepar 

buffer solutions ranged from 0.4 to 0.7>¢ 107° m 

An upward drift in the electromotive fore: 
some of the earlier cells, most pronounced 
temperatures above 25° C, was observed 
was discovered that this drift could be eliminat 
almost completely by guarding the buffer so 
tions from contact with the rubber stoppers 
The intervening space was filled with pure hyd 
gen. The cause of the drift is as vet unexplain 
Traces of sulfide, such as might be dissolv 
from the rubber, have been found not to hav 
large effect on the potential of the silver silver-c! 
ride electrode [7]. 

In view of the relatively low pH of the ovals 
mixtures, no attempt was made to exclude atmo» 
pheric carbon dioxide while the solutions \ 
being prepared. Dissolved air was subsequent 
removed, however, by passing pure hydrog 
through the solutions. Other experimental 
tails will be found in an earlier publication |S 

The electromotive force, in internatior vor 
of cell (A) at 11 temperatures from 0° to 90 
Each cell contained '™ 


nial 


is given in table 2. 
hvdrogen electrodes and two silver-silve! 


Di 
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Hence, each electromotive force value 


prest in general, the mean of two results. 


The ele ymmotive force has been corrected in the 


ral to a partial pressure of 760 mm of 
hydrog In the first four series of solutions, 


re e proportions of potassium binoxalate, 
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sodium oxalate, and sodium chloride were 1:5:2.5. 
In the next two series, the molalities of sodium 
chloride were respectively the same as, and one- 
half of, the molalities of the acid salt. The solu- 
tions comprising the last series contained eaual 
molal amounts of the three salts. 


and NaCl (m,) from 0° to 50° C 














remperature ( 
DF ‘) “0 5 “) 
2.5m Series | 
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TABLE 2 Electr omotive force of cells of type (A) containing KHC,O, (m,), NaoC,O, 2), and NaCl (m;) from 
Continued 


Pemperature, 


5N44 
S7TSM4 suo 


S46 Ww2t2 S06030 
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SO820 mse may 
HOSS Hosl4 61241 
OOSTST Vt “Holley Hle44 H2007 


ool ; ry HOS ac4ue nuns 


O43er or . . - ST TK 


(4054 57 5 r ATUTS 
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02408 5 ; His! HOSuS 

or7e 5 ; Hl656 H2101 

O1252 fi (051 63534 4000 
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The most accurate and extensive results were All of the cells were brought to initial 
obtained for the first four series, where the ratio of rium at 25° C. Another measurement 


concentration of sodium chloride to that of potas- C was made at the completion of th 


sium binoxalate was somewhat higher than in the ments at the lower temperatures and | 
other three series. For this reason, the second measurements at the higher temperatu 
dissociation constant was evaluated from the begun. In addition, a final value at 2° 
electromotive force data for the first four series obtained. The initial and final values 
alone. solutions of the first four series, from W 
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constant was determined, differed on 
by about 0.10 mv. The electromotive- 
given for series 4 are the averages of 
te series of measurements, the mean 
f which were about 0.10 my. 


‘ulation of the Second Dissociation 
Constant 


sociation constant Is expressed in terms 
easured electromotive force, E, by the 


(E—E°) F 
2 3026RT 


log A,— 8*u +log Me, 


2Ayu 
wg T Ba* yy’ 


- My 204 
Lr 204 

e £° is the standard potential of the cell [3,9], 
jand B are constants for the water medium at 
and 8* are adjustable 
and w have their usual 


* 


ch temperature [10], a 
meters, and F, R, 7, 
gnificance. Equation 2 results from combin- 
gy the equation for the electromotive force of 
cell with the mass-law expression for the dis- 
ation of binoxalate ion and with the Hiickel 
The 


term, for convenience desig- 


mula [11] for the activity coefficients. 
vity-coefficient 
d log f,, takes the form 
hac,o, fos 2A vH 3+ 
og ; TP pe 
Io,0, 1+ Ba* yu 
\s a result of the appreciable acidic dissociation 
the binoxalate ion, the penultimate term of eq 2 
t given with sufficient accuracy by log (m,/m,.). 
Consideration of the equilibrium represented by 
leads to the equality, 
MHC.O, ™M,—My 
; (4) 
MN, 4 Mio > Ny 
rhe hydrogen-ion concentration, my. Was com- 
‘ed In one of two ways: from the electromotive 
by the expression 


E—E°)F i 2Ayu 
2.3026RT TE MO SB py 


‘rom the mass-law expression with the aid of a 
inst estimate of py, 
Mia 2% 


og my=pK,—log 


My 104 
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The value of my obviously depends upon the choice 
of a* (that is, 5) in the last terms of eq 5 and 6. 
The error in my from this cause diminishes as the 
ionic strength decreases and disappears in the 
extrapolation to infinite dilution. Hence both 
methods were found to vield the same value of pA». 

When the right side of eq 2 at 25° C was plotted 
as a function of ionic strength, the three curves of 
figure 1 were obtained. From top to bottom, these 
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4 
N STRENGTH 
Fictre 1. ph’, at 25° C as a function of tonic strength f 


solutions in which m 5m, and m 2.5m 


D. series 4 


1; @, series 2; @ series 3; an 


three curves correspond to a* values of 4.0, 5.0, 


and 6.0. 
values of 


An a* value of 5.0 was found to vield 
log Ky 
of ionic strength at each temperature studied. The 


8*u that were a linear function 


8*, of these straight lines was determined, 
log A, (pA,). The values of 8* are 
summarized in table 3, and those of —log Ay and 
ky are found in table 4. The dotted line in the 
figure represents pA, obtained for a*=5.0 when 


slope, 


and hence 


the acidic dissociation of the binoxalate ion was 
disregarded and mM, Me employed as the ratio of the 
oxalate anions ineq 2. The last column of table 3 
lists 8°, the limit of 8* for 1:5 oxalate buffer solu- 
tions without sodium chloride. These values were 
obtained by linear extrapolation of 8* plotted with 
respect tO Mygci/u, the fractional contribution of 
sodium chloride to the total ionic strength [2]. No 
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TABLE 3 Values 


TABLE 4 


ratio of chloride to 
B° 


trend of a* with 
detected The 
appears to be about + 0.005. 


These values of pA) are compared in table 5 with 


significant 


oxalate was uncertainty in 


previous determinations of the second constant. 
It will be seen that the values of pA, given by 
Harned and Fallon [17] are higher by 0.02 to 0.03 
than the results reported here. The same method 
and type of cell were employed in both investiga- 
Sodium binoxalate was used instead of the 
potassium salt, and the buffer 
composed of the three salts in the approximate 
1.9:1:1.5. In an. effort 
two oxalate-chloride 


tions. 
solutions were 


molal to 


proportions 
this 
mixtures of the same compositions as two of the 


solutions used by Harned and Fallon were pre- 


explain discrepancy, 
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of 


8* 


from U 


Values of pk; and 


pared The electromotive force of cells of 


(A) containing these solutions was measure: 
25° C and found to agree fairly well wit 
results given in their paper. Furthermore, 
lation of pA,—B*u at 25° C the 

Harned and Fallon without consideration © 
dissociation of binoxalate ion led to values 
parently identical, when a*=4.3 used, ™ 
those obtained by Harned and Fallon without 
correction for hydrogen ion. As these aut! 
have pointed out, their ‘uncorrected’ 
agrees with the results of Parton and Gibbons 


from 


fy 


wis 


pA 
whose data were not corrected for acid $80 
tion. 

The discrepancy therefore seems to ha 


in the correction applied for the acidic d 
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PaBLe 5 Comparison of values for the second dissociation constant 


tition 
Conductance 
Emf conductar 
Hy, calome! 
Catalvsis 


(Emf of cells without 
Ag-AgC] electrodes 

| Ree ileulated 

Emf of cells wit 
elect roc 

Recalev 

Conduct 

Emf of 


electrode 


mary anion. Harned and Fallon state 0.008589) and is negligible for the highest (m, 
the correction amounts to 0.007 in pk; for 0.04945, mo—0.02600). The corresponding cor- 
lowest concentration (m,=0.004516, m. rections from the present calculation are 0.0253 
and 0.0081. When pk is calculated by the same 
procedure from the data of Harned and Fallon, of 
Parton and Gibbons, and of this investigation, 
substantially the same result is obtained 





The pA, value obtained in this investigation is 
plotted in figure 2 as a function of ionic strength 
and compared with corresponding values (crosses) 
computed from the data of Harned and Fallon 
(17). The triangles indicate pA, computed from 
the electromotive force of the 1:1:1) series of 
solutions (see table 2). It is apparent that sub- 





stantially the same dissociation constant is ob- 
tained from the three series of measurements, 
although the buffer ratio changes tenfold. The 
horizontal lines represent the average value of 
pA, listed in the next to the last column of table 4. 

The variation of the dissociation constant with 
absolute temperature, 7. is represented, with an 
average deviation of 0.0004, by 





> 1423.8 eee ~ mr 
pk, T — 6.5007 +.0.020095 7’, 











IONIC STRENGTH on jc 
The use of an equation of this form was suggested 


fy f r h. i 
pA, as a function of ionic strength by Harned and Robinson [19]. The change of 


2.5m); series 1. ©. 5m); ms;=2.5m); series 2. &, log A, with change of temperature is illustrated 
my, Series 3; (DP, mo=5m,; m 2.5m); series 4 m 


tand Fallon [17 


in figure 3. 
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IV. Thermodynamic Quani ties 


From the parameters of eq 7, a cal: 
made of the changes of free energy, . 
tent, of entropy, and of heat capacity 
pany the process HCO, =H*+C,0 
standard state. The equations rela 
quantities to A, B, and C (which are 
1423.8, 6.5007, and 0.020095; compan 
are given in an earlier paper [8]. The res 


calculation are listed in table 6 


ff 


a V. Activity Coefficients and paH Value 
st 
— 


TEMPERATURE - DEGREES log f,, that is, the limit of log (fy oS 








It is evident from eq 3 that an expressio 


Ficure 3. Plot of pK, with respect to temperature oxalate buffer solutions without chloride, « 


TABLE 6. Thermodynami quantities for the process HC. , 


for solutions of KHC.O, (m) and Na,C.O, (5m) from 0 


Molality of potassium binoxalat« 


0. 189 
v1 
ug 
14 


106 





rms of the limiting values"of‘a* and 
5.0 and 8 


hac o, fer 2A ve 


- + Bry. (S) 
foo,  1+5Byy 


r 
log 


clit oxalate buffer solutions is listed in 


itity —log (fa feima), readily obtain- 
he electromotive force of cells of type 
been proposed by Guggenheim [20] and 
Its value 


H schoo k [21] as a unit of acidity. 


5 oxalate buffer solutions without 


pw H for solutions of KHC.« ) Om 


«definition of pH and the relative advantages 

f several possible scales of acidity have been dis- 

recently [22]. The pwH differs from paH 

logarithm of the activity coefficient of a 

onic species, a quantity that cannot be 
ired 


pall (10) 


pwH-+- log fe:. 


some assumption must be made in order to 
fe, to measurable combinations of activity 
ents or to theoretical equations. Since no 
assumption has as yet been assimilated into 
erally accepted definition of paH, five scales 
upon five different assumptions have been 
For the 1 buffers, 
defined by the following equations: 


‘5 oxalate these 


Ayn 


»H ’ 
1+-Ba Vu 


pw 


the value for a, is arbitrarily chosen; 


poH 


| ns have been discussed elsewhere 


pwH + log faces, 
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and Na CLO, (Sm 


chloride was computed from a combination of 
eq 8 with the mass-law expression: 


Mac. My 


log tea f jy ‘i log k, log 


pwH= 


CoO, 

2Ayu 
1+5Byu 
where the superscript zero indicates that chloride is 
It should be noted that 
will be called pwH whether chloride is 
present or not, is a quantity with exact thermo- 
Its value in the oxalate buffer 


Bru, (9) 


absent. log (fu fe:mn)° 


which 


dynamic meaning. 
solutions is summarized in table 8. 


in the absence of chloride from O° to 50° C 


Molalit 


O.010 


where fyc; is the mean activity coefficient 
hydrochloric acid; 


Ayu 


H 
P 1+ 5Bvp 


pwH 


Ayu 


Te BM; 
] T 5SByu “ 


psH =pwH 


and 


Ayu | 
1+5Byu 


p,H=pwH- (15) 


In table 9, pwH and the five paH values, all at 
25° © 
with a pH meter of the glass-electrode type cali- 
4.01 solution of 
potassium phthalate [1] 
poH, the average of fc; in pure solutions of sodium 


are compared with the paH determined 


brated at with a 0.05—-m acid 


For the computation of 


chloride and potassium chloride of the appropriate 
ionic strength was chosen in preference to its value 
in solutions of hydrochloric acid, in recognition of 
the probable specific influences of different cations 
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the buffer 
coefficient was computed from published electro- 


upon fe, in medium. This activity 
motive force data [24, 25] with the use of Harned’s 
equations for the activity coefficient of hydro- 
chloric acid in mixtures with alkali chlorides {25}. 
A graphical comparison of p.H, p;H, p,H, and p,H 
as a function of ionic strength is made in figure 4 
The upper and lower dotted lines locate p,H when 
and 4. It is 


table 9 and figure 4 that the five assumptions vield 


a, is respectively 6 evident from 


equivalent results at low concentrations and that 


the seales diverge to the extent of only 0.02 unit 
at an ionic strength of 0.24 

Tables 10 and 11 list the values of p,;H and 
pH for eight 1:5 oxalate buffer solutions at 11 
temperatures from 0° to 50° C. 
pall (taken as the mean of the closely agreeing 


psH and p,H 


in figure 5 


The change of 
with change of temperature ts shown 


The densities of three solutions of potassium 


binoxalate (Gm) and sodium oxalate (5m), in which 


m had the values 0.002, 0.008, and 0.015, were 
with a picnometer that had 
The ratio of the 


molar concentration of binoxalate, \/, to molality, 


determined at 25° C 
a volume of approximately 57 ml 


PaBLe 9 pH at 25° ¢ lutions of KH 


of 80 


sium phthalate 


Figure 4 





4.53 
O00 





0.08 0 
ONIC STRENGTH 
pyll, pH psH 


as a function of toni 


p H, and 
solutions 
represent tall for a { 

Oy (n and Na C.0), tm 


ons 
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ssed with an average deviation of 


Vf m=—0.99707 —0.1708m, (16) 


qual to or less than 0.015. Molality 


tv therefore differ by only 0.5 percent 


PasLe 10. p3H of solutions 


of KHC,O, 
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for the most concentrated of the buffer solutions 
whose paH is given in tables 10 and 11. Hence, 
the paH listed differs by less than 0.0008 from that 
for solutions of molarity numerically equal to the 


molality given at the head of each column, and 


the two seales of concentration can be used inter- 
changeably below m=0.015. 


om O 0 au” ¢ 


m) and NasC,Q, (5m) f 
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Pyrolytic Fractionation of Polystyrene in a High 
Vacuum and Mass Spectrometer Analysis 
of Some of the Fractions 


By Samuel L. Madorsky and Sidney Straus 


Samples of polystyrene of an average molecular weight of about 230,000 and weighing 


> 


pvrolvsis varied from 0.5 to 4 hours 


25 to 50 mg, were pyrolyzed in a vacuum of 107° mm of mercury at 350° to 420° ¢ 


Time of 


The following fractions were obtained | \ solid 


residue having an average molecular weight of 2,182. (2) a wavx-like fraction consisting of 


a mixture of a dimer trimer and tetramer of stvrene, with an average molecular weight 


of 264, (3) a liquid fraction consisting of 94.3 mole percent of styrene 


5.6 mole percent of 


rene, and traces of ethyl benzene and methyl stvrene 1) a gaseous fraction consisting 


mainiv of carbon monoxide 


( omposition 


all fractions and relative amounts of the 


wax-like and liquid fractions were found to be independent of time and temperature of 


pyrolysis, or of the amount of the original sample of polystyrene \ maximum vield of 


styrene, amounting to 42 weight percent of the original sample of polystyrene, was obtained 


at 420° ( The fact that only small fragments, not larger than the tetramer, were vola- 


tilized, leads to the conclusion that the larger fragments 


remain entangled in the mass of 


macromolecules and break up into smaller fragments, which then volatilize 


I. Introduction 


vrolvtic fragmentation and fractionation of 


ers and identification of the fragments can 
as an effective means of studying structure 
properties of the polymers under investiga- 
Pyrolysis of polymers results in fragments 
se molecular weights and vapor pressures vary 
ugh a wide range. In order to facilitate the 
tification of these fragments, it is imperative 
separate the mixture into fractions and apply 
tye analytical methods to identify the various 
ms. This paper describes a method and an 
atus for carrving out pyrolysis of polymers 
fractionation of the products of pyrolysis 
Poly- 


Was selected as the subject of this investi- 


conditions of molecular distillation 


because of the simplicity of its structure 
he ease with which some of its fractions can 
ilvzed by means of the mass spectrometer 


ow 


48 rH 


Staudinger and Steinhofer* pyrolyzed 208 ¢ 
samples of polystyrene in glass retorts by external 
heating and obtained a complex mixture of hydro- 
carbons. They used atmospheric pressure in one 
instance and a pressure of 0.1 mm of Hg in another 
Fractional distillation of the products vielded 
a monomer, dimer, trimer, and some tetramer of 
styrene, and other compounds. They report that 
at atmospheric pressure and ata temperature of 
400° to 500° C 
takes place resulting in the formation mostly of 
At 310° to 350° C 


slow decomposition 


, rapid decomposition of polystyrene 


the monomer and some dimer 
and atmospheric pressure, 
takes place with the formation mostly of the mono- 
mer, a good deal of the dimer, and some trime1 
At a pressure of 0.1 mm, where the fragments are 
more easily removed from the hot zone by dis- 
tillation, the products of pyrolysis at 290° to 320 
C are the monomer, dimer, trimer, and some 
tetramet! 

However, thermal decomposition, when carried 
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out inca high vacuum, could be interpreted more 
easily for the following reasons: The products of 
pyrolysis remain free from admixtures from the 
atmosphere, fractions of higher molecular weight 
could be distilled off without secondary pyrolysis; 
and separation of the products of pyrolysis into 


fractions could be 


carried out most effectively 
under conditions of molecular distillation 

The method was investigated in a series of ex- 
periments using temperature, time, and size of 
sample as variables. In each case, a weighed 
amount, 25 to 50 mg, of pure polystyrene, of an 
average molecular weight of about 230,000," was 
spread asa thin laver ina platinum trav having an 


The tray 


evaporating surtace of about 12 em 


was then heated in a vacuum of about 107° mm of 
Hy for periods of time ranging from 0.5 to 4 hi 
and at temperatures varying between 350° and 


me” |< The distillate was first collected on a 


(i. We 


SEOUS FRACTION 


VER ———— 
gt FRACTION ¥ 


TO M*LEOD GAGE 


A 


Pi 
— TO HG -DIFFUSION PUMP"! 
AND OIL PUMP 


liqguict-air cooled condenser placed ata 
1.7 em from the evaporating surfac 

rated into fractions by redistillation a: 
tions weighed. All the weighings wer 


microbalance to an accuracy of about 0.05 


Il. Apparatus and Experimenta] 
Procedure 


The apparatus is shown diagrammaties 
figure 1.) It is made of glass and rese) 
Dewar flask except for a ground joint at th 
‘nd for the purpose of introducing o1 
the platinum tray from the apparatus 
is heated by means of a platinum-wire | 
element incased in the form of a fine helix i) 
lengths of glass tubing and held together bet 
two stainless steel disks An oil pump 
Hy diffusion pump, not shown in the figure, s 
evacuate the svstem to a sticking vacuum, p 


Another He diffusio 


inary tO py roly SIs 
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sperating against a pressure of several 
of Hg 


ring ps rolvsis 


serves to collect the cusecous 
Difficulties due to 
of gases from the heater and the innet 

of the outer jacket in the hot zone were 
by a preliminary heat treatment of the 
This treatment consisted in maintain- 

ter and trav at about 200° C for 1's hr, 
sume time flaming gently the outer 

\fter this preliminary heating, the outer 
was kept cool during pyrolysis of the sample 
ns of a water-cooled coiled tube surrounding 
\ blank experiment, without poly- 

the tray, showed that by following such 
edure the total amount of air desorbed in 
f heating from 200° to 400° C 
fheating at 400° C 


rature and pressure 


followed by 
was 0.007 ml at normal 
Temperature of pyroly- 
s measured by means of a Pt-PtRh thermo- 
spotwelded to the tray at its center 
following procedure Was emploved A 
of polystvrene” in the form of a 0.5. per- 
tion in benzene, was placed in the plati- 
av, and the benzene evaporated at 100° to 
followed by evacuation for about 1 hr to 
weight. The tray was then placed on 
in the apparatus and the pressure 
toasticking vacuum. Aftera preliminary 
vat 200° C. as deseribed above, the system 
off from the oil pump and He diffusion 
by means of stopeoek A. Liquid air was 
laced in the inner cup B of the Dewar-like 
tus, also around the liquid-air trap (. and 
fusion pump 2 was turned on. Temperature 
ray was then raised to the required point 
ikept constant for the required time Ali 
oduets of pyrolysis except those not con- 
leat the temperature of liquid hir, collected 
liquid-air condenser B. A gaseous fraction 
condensable at the temperature of liquid 
s collected in the space between the He 


At the 


1 py roly tie operation, stopcock Dp was closed, 


on pump 2 and stopeoeks “A and - 


sion pump 2 turned off and the gas allowed to 
lo stopeock iD) 
1. and 7), as calibrated by means of the 
Nder F 


d by means of a MeLeod gage not shown 


The volume between stop- 


was about 2 liters. Pressure was 


in the figure. A sample of gas in the receiver was 
used for analysis in the mass spectrometer. The 
weight of the gaseous fraction could then be deter- 
mined from a knowledge of its volume, pressure, 
and composition 

To separate the other fractions, the liquid au 
was removed from condenser B, and a liquid an 
container placed under liquid fraction receiver @ 
Fraction I1], volatile at room temperature, was 
thus collected in’ the small receiving tube @ 
This tube was then sealed without melting it off 
Instead of collecting only 


and later weighed 


one fraction TIL, it would be possible to collect 
fractions ITI,, IIL, ete., by maintaining the con- 
denser Bat various temperatures between that of 
liquid air and room temperature 

Part of the condensate on B, volatile at the tem- 
perature of pyrolysis but nonvolatile at room 
temperature, was collected as fraction IL by dis- 
solving it in benzene ina platinum crucible, vapor- 
weighing the residue 


izing the benzene, and 


The residue in the tray itself was weighed as 
fraction | 

Evaporation from a liquid or solid surface into 
Lambert's cosine law, and, 


a vacuum follows 


therefore, a part of the products of pyrolysis 
failed to condense on B and deposited on the innet 
wall of the outer jacket in the neighborhood of 
the platinum trav. As the jacket was maintained 
at the temperature of tap water during pyrolysis, 
that part of the deposit on its wall that was vola- 
tile at room temperature, reevaporated and con- 
densed on the liquid-air condenser B. The non- 


volatile residue on the jacket designated as 
fraction lV. Was not collected, and its welcht is 
assumed to be equal to the difference obtaimed by 
subtracting the sum of the weights of fractions I, 
11, TI, and V from the weight of polystyrene used, 
It is safe to assume that fraction [IV has approxi- 


mately the same composition as fraction I] 


III. Pyrolytic Fractionation of Polystyrene 


Results of 20 fractionation experiments are 
shown in table 1. In experiments 1 to 14. in- 
clusive, temperature of pyrolysis was varied from 
350° to 420° C, and the duration of each experi 
ment was 0.5 hr. Pyrolysis of polystyrene, ac 
cording to these dath begins at about 350° C and 
complete at 400° © In experi- 
12, and 13, 


used was about twice as much as in the other 


is practically 


ments 3, 5, 6, the amount of sample 
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* fractionation oft polysty ene 


Weight of empera 
sample ire 


experiments of this series. In experiments 3, 15, 
and 16 the temperature was the same 361° C, 
and the time was varied from 0.5 to 2 hr. In 
experiments 17 and IS the temperature was the 
same, 364° C, and the time was 3 and 4 
re pectivels Fractions I] to \ are listed in 
able 1 In general, gradual decrease of fraction 
1 and a gradual increase of fraction IIT, Il], and 
IV with temperature and time, are indicated in 
this table. As to the gaseous fraction V, it is 
about the same in all experiments, the average 
being 0.10 percent by weight of the sample of 
poly stvrene used 

In table 2, fractions I] and IV for each experi- 
ment are shown combined as one fraction, non- 
volatile at room temperature. Ratios of volatile 
fraction (IIL) to the nonvolatile fraction (11 lV 
are shown in the last column of this table. With 
a few exceptions, this ratio is about the same for 
all experiments, the average for experiments 3 to 


20, inclusive, being 0.74. Staudinger and Stein- 


hofer obtained in one experiment, earried out at a 


pressure of 0.1 mm and a temperature of 290° to 
320° C, a ratio of 0.83 

In figure 2, fractions I (residues), fractions 
I1—IV (nonvolatile at room temperature), and 


eight percent of original sampk 


Duration il il I\ 
Nonvolatile Volatile 
at room it room 

temperature temperature 


On wal 
apparatu 


TABLE 2 Ratio of volatile (111) to nonvolat 


fraction in the pyrotysts of polystyrene 


Journal of 


HT PERCENT 








Il (volatile at room temperature), are 
weight percent of original samples of 


against temperature of pyroly s. 


Only experiments L to 14, inclusive, where the time 


s was the same, 0.5 hr., are shown in 


“ oH CH-CH,- CH-CH.-CH ~ 


r) 
Cots gH gH 


HT PERCENT 


weic 





2 Oo 


380 390 400 





TEMPERATURE °r 


ied in the Pyrolysis 


IV. Analysis of Fractions 


and the fraction 
111), 


ed in the Consolidated mass spectrometer 


the gaseous fraction (V 


at room temperature could be 


this work Fraction V was found to con- 


hiefly of CO 
action of polystyrene with oxygen held in the 


The CO was probably due to 


i polystyrene in dissolved or combined 


Weight of the gaseous fraction was deter- 


each case from its volume, pressure, and 


etrometer analysis. It amounted, on the 


to 0] percent of the original weight of 


ne 
on IIL was collected as a clear colorless 
a small tube, about 1.7-mm inside diam- 
7 em long Its weight was determined 
thing the tube before and after the experi- 


Pyrolysis of Polystyrene 


ment, allowing for the air removed in the evacu- 
This fraction weighed anywhere between 
As the ex- 


pansion chamber of the mass spectrometer could 


ation. 
a fraction of a milligram and 20 mg. 


hold only a few milligrams of this fraction in gase- 
ous form at the vapor pressure of the components 
of this fraction, it was found necessary to use a 
special expansion apparatus in preparing a sample 
for analysis. This expansion apparatus is shown 
It consists of a chamber that can be 


a 


GASEOUS FRACTION 
RECEIVER —————4} 


in figure 3 


VACUUM 


=". 
— 


4 


SEAL-OFF 
POINT 


bv t 3 -lppa atus erpanding 


un 


evacuated to a sticking vacuum. The volume of 
this chamber could be varied to suit the size of 
fraction II1, by means of a removable bulb varv- 
ing in size from 25 to 500 ml. The apparatus is 
prov ided with a break-off valve and a sample tube 
in which a gaseous sample was collected for analv- 
After collecting the 


sample, the rest of the expanded material was col- 


sis in the mass spectrometer 


lected in a small tube by means of liquid air and 
the tube sealed off. Fragments of the broken 
tube that held fraction III 


weighed before and after washing thoroughly with 


were collected and 


benzene to see Whether it contained a nonexpanded 
residue. The residue varied from zero to a few 


percent of the total weight of fraction II 
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The Consolidated 


range of analvsis of molecular weight up to about 


mass spectrometet has a 
130 to 150. This range meludes the monomer, 
stvrene, and other fragments having one benzene 
ring. If fraction Ill contained any fragments 


with more than one benzene ring, say, a dimer, 
these fragments would not show up in the mass 


In order to check on this, 


spectrometet analy SIs 


two sample tubes containing fraction II] from 
experiments 5 and 6, were broken in the open air 
room 


and the contents allowed to expand at 


temperature Fieure 4 shows loss of weight in 
percent of original weight of fraction II] plotted 
uvainst time in davs In both cases eXpansion 
leveled off at 95.5 percent loss, indicating that 
fraction LIL contained 4.5 pereent in polymerized 
form. Sample 6 expanded more slowly because 
the tube in which it was contained was bent 
sharply in the form of a The fact that stvrene 
polymerizes slowly even at room temperature was 
confirmed by a molecular weight determination of 
fraction IIL by the method of freezing point 
lowering in evelohexane. The molecular weight 
varied from about 100 to 114 depending on age 
of fraction 

Results of mass spectrometer analy sis of frac- 
tion IIL are shown in the case of nine experiments 
in table 3. Relative composition of this fraction 
seems to be independent of the original amount of 
polystyrene used or of duration or temperature of 
pyrolysis. The results are given in mole percent 
and indicate that this fraction consists on the 
average of 94.5 percent of stvrene, 5.6 percent of 
toluene, and traces of ethyl benzene and methyl 
stvrene. Styrene vield in weight percent of the 
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EVAPORATED, PERCENT 








original weight of polystvrene used is also s 


in this table. At 400° C, the averag 
stvrene (in experiments 7, 9 and 10 
percent 
Fraction | is a light-brown horny 
fraction IL a tan-colored wax-like material 
fractions, being nonvolatile at room ten 
could not be analyzed in the mass spect 


The average molecular weight of thes 
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ined with a Beekman thermometer by 
| of freezing point lowering in a solu- 
lohexane. In case of fraction I], the 


oint lowering was about 2° to 2.5° € 


case of fraction [, the lowering was 
C. The 


means of formula 


molecular weight was eal- 


M AFxXW 


olar freezing point lowering 


for evclohexane 
weight of solute in g 
weight of solvent in ¢ 
actual freezing point lowering 


sults are shown in table 4 


iverace molecular weight of fraction § I, 


on three determinations, is 2,182+70. For 


Il. the average of seven determinations 


If fraction I] were to consist of equal 


ts of the dimer, molecular weight 208, and 


molecular weight 312. the average molec- 


cht would be 250. Aslight preponderanc: 


mer, or the presence of a small amount 


tramer, molecular weight 416. or both 


ount for the actual average molecular 


204 Staudinger and Steimbhofer pvro- 
208-¢ sample of polystyrene at a pressure 
mo and temperature of 290° to 320° C 
ned, in addition to stvrene, 19 32 percent 
23.08 


percent of trimer, 


The 


and 3.85. per- 


tramet average molecular weight 


*yolysis of Polystyrene 


of a mixture of dimer, trimer, and tetramer in 


the above proportions ts PHS 


V. Discussion of Results 


Pyrolysis of polystyrene was carried out in this 
work under most favorable conditions of molecu- 
lar distillation, where fragments of high molecular 
weight, if formed, would have a chance to escape 
into the gaseous phase and collect on the condenser 


The facet 


fragments, 1. e 


that the condensate consisted of small 
the monomer, dimer, trimer, and 
perhaps some tetramer, indicates that we are not 
dealing here with a simple case of molecular dis 
tillation, but that distillation here is subservient 
to conditions of pyrolytic decomposition 

Let us first consider rate of pyrolysis as com 
pared with rate of vaporization of the fragments 
It took about 30 minutes to pyrolyze 25 to 50 mg 
ol polystyrene at 400° © Rate of vaporization 
of a similar amount of material, under conditions 
distillation can be 


of molecular calculated by 


means of Langmuir’s equation” for evaporation 


from a liquid or solid surface 


, M 
\ RT where 


> 


grams of material evaporated per squar 
centimeter of surface per second 
vapor pressure in dynes per square cent 
netel 
molecular weight of the material 
gas constant in ergs per degree C 
absolute temperature 
The vapor pressure of a mixture of the monomer, 


dimer, trimer, and tetramer in contact with poly 


stvrene, is not known, but it can safely be assumed 


to be at least 50 mm at, Say so0 to 400° © 
Molecular weight of the mixture will be assumed 
as 200. Then, since total evaporating surface is 


12 em’, we have 


pel second Thus it would take small fraction 
» 


of a second to vaporize 25 to 50 meg of material 
involved in the pyrolysis 


In the 


external pressure of 1 atmosphere was used in om 


work of Staudinger and = Steimhofer 








case and of 0.1 mm He in another In either case, 


the pressures were too high for molecular distilla- 


tion and it might be expected that large fragments 
would be the hot kinetic 


egitation and be pyrolyzed further into smaller 


returned to zone by 
However, in our case, where the ex- 
10 of 


greater than the trimer or tetramer, once formed, 


fragments 


ternal pressure was mm Hy fragments 
would have a vapor pressure sufficient to remove 
it from the hot zone and bring it to the condenser 
that the 


work were no greater than those 


It is, therefore, fragments 


collected In Oul 


Surprising 


obtained by Staudinger and Steinhofer in their 
In fact, 
there is a close agreement between our results and 

at 
this 


pyrolysis at a pressure of 0.1 mm Hg 


and Steinhofer carried out 
table 5 In 


those of Staudinger 


0.1 mm as shown in 
table two experiments of Staudinger and Stein- 
hofer, (1 


0.1 mm, are compared with our experiments 7, 9, 


pressure, 


» 


at atmospheric pressure and (2) at 


» Al 


NVOLATILI 


\ 


10 In 1) the a 
monomer, dimer, and trimer collected 
19.32, 3.85 


original weight of polystyrene used 


and experiments 


respective! 
In: 


(2), the fractions collected were a monot 


and percent, 


trimer, and tetramer in amounts of 38.46 
23.08, and 3.85 percent, respectively ‘| 
dimer, trimer, and tetramer in the latt 
16.15 percent. In the case of the present 
and 10, wer 
50.97 


averages for experiments 7, 9, 
percent for the monomer and 
the sum of the dimer, trimer, and tetrame: 
addition this, the 
of fraction IL of our work is 264 as compare: 


to average molecular 
the mean molecular weight of 263 for the « 
trimer, and tetramer in experiment (2) of Sta 
ver and Stembhofer 

The fact that only small fragments 
th 


condi 


than the tetramer were obtained in 


work, in spite of the favorable 


ROOM TE 


ROOM TEMPER 
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istillation, is in qualitative agreement 
w expressed by Frenkel,’ who states 


the t 


re ( ; 
aed r or chain-like macromolecules cannot 
wee the gas phase, for, instead of evaporating, 
4: st be disintegrated or depolymerized into 

- 100d ‘its, mainly monomeric or dimeric. 
slot the | further points out that the vapor phase 
~ onsist of fragments in which the number of 
oF . jis equal to Wi/04, where W), is dissociation 
an a vy and 1’) is evaporation energy of the mono- 


+ ta In the case of polystyrene, W), the energy 
ed to rupture a C toC bond, is approximately 
nd 7 


s about 9 


latent heat of vaporization of 
Therefore, Wy/U, 


i Since the polystyrene chain has a uni- 


keal 


structure throughout its length (except for 
fragments from a monomer to a nona- 
should The 
ilar weight of the mixture of all the frag- 


be equally possible. average 
s except the monomer, should, therefore, be 
higher than 264. The fact that the average 
lar weight of fraction Il was only 264 could 
plained by assuming that larger fragments 
ff along with the smaller fragments, but that 
vmer remain entangled in the macromole- 
ind split further into smaller fragments 
ssumption could explain the fact that py roly- 


polystrene Is a slow process 


VI. Summary 


ivsis of small samples of polystyrene, of 
of about 230,000, 
vacuum of 107° mm of Hg and at temper- 
between 350° and 420° C. 
varied from 0.5 to 4 hr 


weight was carried 
Time of py roly ~ 
Results indicate 


olysis begins at about 350° C and is almost 


sear Tolysis of Polystyrene 


€) 








400° © 


pyrolysis were separated into one gaseous fraction, 


complete at The volatile products of 
one liquid fraction, volatile at room temperature, 


one wax-like fraction, nonvolatile at room tem- 


perature, and a horny-like residue. The gaseous 
fraction amounted on the average to 0.1 percent 
by weight of the original sample of polystyrene 
and consisted chiefly of CO. The liquid fraction 
consisted of 94.3 mole percent of styrene and 5.6 
mole percent of toluene The wax-like fraction 
consisted of a mixture of dimer, trimer, and some 
tetramer, with an average molecular weight of 
264+2. A hard 
obtained in the experiments at lower temperatures, 


tan-colored residue, which was 
was found to have an average molecular weight 
of 2,182+70. Weight ratio of the liquid fraction 
to the wax-like fraction in all the experiments 
above 350° C is close to a constant, independent 
of amount of original polystyrene used, of duration 
or temperature of pyrolysis. Composition of each 
fraction is also independent of these variables 
Maximum vield of styrene was obtained at 420 
C and amounted to 42 percent by weight of the 
original polystyrene. A comparison of this work, 
which was carried out under most favorable con- 
ditions of molecular distillation, with the work of 
Staudinger and Steinhofer, who pyrolyzed a 208g 
sample of polystyrene at a pressure of 0.1 mm Hg 
and at a temperature of 290° to 320° C, shows a 
remarkable similarity of results. 

Robert M. Reese, 


who made the mass spectrometric analyses, and 
Dorothy Thompson and Laura Williamson, who 


The authors wish to thank 


made the computations of these analy ses In con- 


nection with this work 


WASHINGTON, September 5, 1947. 
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